Investigations of the Prevalence and Sources of Lead Exposure in Saudi Children. by Al-Saleh, Iman Abdulaziz.
INVESTIGATIONS OF THE PREVALENCE AND SOURCES OF LEAD
IMAN ABDULAZIZ AL-SALEH 
B.Sc., M.Phil.
A THESIS SUBMITTED FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 
WITH THE UNIVERSITY OF SURREY
Biological and Medical Research Department
King Faisal Specialist Hospital and Research Centre
P.O.Box 3354
Riyadh
Saudi Arabia
EXPOSURE IN SAUDI CHILDREN
BY
June 1990
ProQuest Number: 11012607
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 11012607
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
TO MY FAMILY
SUMMARY
Three issues were investigated in this study; the prevalence 
of lead exposure in Saudi children, clinical effects of 
lead, and identification of sources of exposure. Blood lead 
concentrations were measured in all the screened children 
using atomic absorption spectrometry. Three groups were 
investigated, 1047 children aged 2 months to 16 years 
attending the KFSH Outpatient Clinics, a subpopulation 
living in Arar in Northern Saudi Arabia, and 126 mothers and 
newborn babies from Riyadh City (in relationship to the use 
of Khol). More than 20% of the children at the Outpatient 
Clinics had blood lead concentrations above 12.59 ug/dl. In 
the follow-up of a case of lead encephalopathy, high 
prevalence of lead exposure (23%) and also iron deficiency 
(60%) were found in the children at Arar. Environmental 
i nvest i gat i ons revea1ed t rad i t i ona1 cosmet i cs and remed i es 
as the major contributor of lead exposure in these children. 
Low levels of lead exposure to pregnant women were found, 
which may be considered hazardous since a weak but 
significant relationship was found between maternal blood 
lead concentrations and birth weight of newborns. To study 
the effect of lead on the haematopoietic system, 
erythrocyte protoporphyrin and haematological parameters 
were measured. Erythrocyte protoporphyrin concentrations 
showed poor correlation with blood lead concentrations below 
25 ug/dl and therefore this test is not recommended as a 
primary test for lead exposure. Also, low and moderate blood 
lead concentrations had no effect on the levels of 
haemoglobin.
Results of this study emphasise the importance of conducting 
blood lead screening and health education programmes in 
areas where the use of traditional cosmetics and remedies is 
st i11 common.
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CHAPTER 1
INTRODUCTION TO THE PROBLEM UNDER STUDY
1In the developing countries of the world the appearance of 
lead has been associated primarily with the growth of 
industry and the expanding use of the motor-vehicle in 
transport. Scientists, ecologists and legislators all have 
been interested in man’s exposure to lead. The scientific 
and lay literature is extensive and mounting evidence of its 
exposure contributes to making it a major public issue. The 
main sources of lead include paints, air, water, food, dust 
and soil. Other unusual sources of exposure, including 
cosmetics, herbal medicines, certain hobbies and lead-glazed 
earthenware, have also been reported (see Section 2.5.7).
In Saudi Arabia, interest in lead is at an early stage. The 
literature is sparse and uneven. The issue has not yet 
caught the full attention of the growing scientific 
community. Historical evidence indicates that lead was used 
in the earliest periods for commercial (Parry, 1970; 
Hamarneh, 1973) and military purposes (Cook, 1974) and there 
was distance foreign trade in leaded products with India, 
Egypt, Syria and Iraq. Traditional cosmetics such as Khol 
and Henna were in demand even before the Islamic period. 
Indeed, their use by the Prophet Mohammad reinforced their 
popular use. As in other developing countries use of lead 
has multiplied greatly in everyday life in Saudi Arabia, 
particularly over the last 20 years. Pollution of air, soil, 
and water that undoubtedly accompanies these industrial 
developments is one of the problems that is introduced by 
economic progress.
Oil resources and industry have helped to transform the 
traditional agrarian and nomadic economy and accelerate the 
pattern of modern i zat i on and i ndust r i a1i zat i on.
2These processes have been accompanied by rapid urbanization, 
an increasing number of factories, expansion of modern 
houses, extensive networks of motorways and free 
availability of cars and other motor transport. The camel 
has been displaced and the car has become the basic means of 
transportation. With the increase in the population from 
7,012,642 (1974) to 14,020,000 (1988), (Al-Ruwaithy, 1978;
The Middle East and Africa, 1989) and of the per capita 
income, the number of cars is constantly growing with 
144,768 in 1971 and 4,280,986 in 1986 (Al-Saif, 1984; 
MFNECDS, 1987).
Also, the expansion of roads has been very impressive by any 
standard. In 1968 the total cumulative length of Saudi 
Arabia’s asphalted roads was less than 2,000 kilometers but 
within twenty years this had risen to more than 61,508 
kilometers (MFNECDS, 1987).
Thus, the sources of lead pollution have been altered and 
the primary source seems to come from motor vehicle 
emissions. Petrol used in the Kingdom of Saudi Arabia, 
contains 0.6 g/1 lead additives which is among the highest
in the world, according to international standards.
Other pollution sources are industrial. The oil industry is 
the major component of the industrial activities of Saudi 
Arab i a . Current 1y , ot her i ndust rial deve1opment s , account i ng 
for more than 2000 factories, are taking place rapidly in 
the Kingdom (Table 1.1). Consequently lead is expected to be 
present in the atmosphere of all urban areas of the Kingdom.
3Table 1.1 The major industrial activities in Saudi Arabia
Type of industry
(1) Oil industry - Production, distribution and sale of:
Motor vehicle petrol
Naphtha
Jet fuel
Kerosene
Fuel oil
Liquid Petroleum gas
Asphalt
Diesel oil
Gas oil
Other
(2) Other industrial activities:
Food industry 
Textiles and clothing 
Leather industry 
Wood products
Paper, paper products and printing and publication 
Chemical products
China, ceramics, pottery, porcelain 
Building materials 
Metal industry 
Others
41.1 SOURCES OF LEAD IN SAUDI ARABIA
1.1.1 Airborne
Weather conditions and local topography play a major role in 
the dispersion of airborne lead (see section 2.5.1) and lead 
may be transported into the Saudi’s coastal waters either by 
drainage of industrial effluents or throughout airborne 
fallout during seasonal dust storms. Although, nearly all of 
Saudi Arabia is hot and dry, there are great variations in 
climate. Along the coastal regions, atmospheric humidity is 
very high. Another feature is violent winds which occurs in 
some localities. Except for the southwestern coastal region 
of the Kingdom, rainfall is scarce. For example, in 1987, 
the capital city, Riyadh, had rain on about 20 days
(MFNECDS, 1987). Topographically, the whole of Saudi Arabia 
is a great slab of ancient rock pushed up to form high
mountains in the west, and tilted down almost to sea level
in the east. Thus, the Red Sea coast is often bold and
mountainous, whereas the Gulf coast is flat, low lying and 
fringed with extensive coral reefs which makes it difficult 
to approach the shore in many places. As indicated in the 
map of Saudi Arabia (Appendix A), the central area, called 
the Nejd, is varied by shallow valleys and upstanding ridges 
and is covered in many places by desert sand. The Nefud (An 
Nafud) in the north is predominantly a stony desert, whereas 
in the south lies the Rub Al-Khali (Ar Rub Al-Khali) which 
consists of sand mountains many reaching over 1000 feet in 
height. Based on the meteorological and topographical 
features of Saudi Arabia, one could postulate that scarce
5rainfall and strong winds will facilitate the dispersion of 
suspended airborne lead particles.
The concentration of airborne lead in Riyadh city was 
measured by the author, A 1-Saleh (unpublished results) at 13 
different sites (high density traffic and residential 
locations) (Fig.1.1). Table 1.2 gives the locations, 
sampling time, and lead concentrations. As would be 
expected, the airborne lead concentrations were 
significantly lower in low density traffic locations 
compared with those in high density locations. The mean 
airborne lead concentration in the high traffic density 
areas (Typical daily vehicular volume in heavy traffic areas 
is up to approximately 144,500) is greater than 3 ug/m^ 
which is considerably higher than the EEC and US permissible 
levels (2 ug/m^ and 1 ug/m^ respectively). As shown in Table
1.2 and Fig.1.2, there was no difference between morning and 
evening airborne lead concentrations except for location 
(4), where the level was higher in the evening than in the 
morning. Vehicular traffic density increases in this 
location in the evening (daily traffic volume approximately
128.000). The airborne lead concentration was slightly 
higher in the morning than in the evening at location (6). 
This may be due to the presence of a motorway adjacent to 
the sampler site (approximate daily vehicular volume is
81.000). Within the residential locations, airborne lead 
levels in the morning were significantly higher than in the 
evening. This study revealed that airborne lead 
concentrations in Riyadh city might pose a potential health 
hazard particularly where the traffic density is high.
Map of Riyadh showing the locations 
of air sampling sites.
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
7Table 1.2 Airborne lead concentrations in both high 
density traffic and residential locations 
in Riyadh city.
Site
No.
Pb ug/m^ Location
Morning 
(7.00-14.00)
Evening 
C14.00-21.00)
High density traffic locat ions: \
1 6.04 5.34 Maather
2 3.77 4.95 Aum Slaam
3 2.10 1.87 Salaam
4 3.22 7.93 Seih
5 0.62 0.54 Maasef
6 3.47 2.22 Drahemiah
7 ---- 3.60 A1-Salaam
Mean 3.20 3.78
Residential locations :
8 1.09 0.62 Talal
9 0.72 0.23 Salehiah
10 0.75 0.42 Rabuh Garbiah
11 0.95 0.74 Mang Dla i1
12 0.62 0.37 Ganub Gamah
13 0.21 0.47 Bader Ganub Safah
Mean 0.72 0. 48
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Fig 1.2 Airborne lead concentrations at 13 different  
locations in Riyadh.
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9Previous studies by El-Shobokhshy (1983, 1984) showed that 
the concentration of lead in the atmosphere of Riyadh 
decreased from 5.8 ug/m3 to 4.4 ug/m3 , as the wind speed 
increased. Also, he showed that airborne lead levels 
decrease during the weekends (Thursday and Friday) due to 
the reduction in the traffic loads.
Although the above studies indicate that elevated airborne 
lead concentrations occur in heavily traffic areas, the 
relationship to traffic volume is not clear.
1.1.2 Dust
In 1984, Nasralla measured lead in the street and playground 
dusts of Jeddah city. The highest concentrations were found 
in the central parts of Jeddah and in other areas with heavy 
traffic density (>1000 ug/g). Khattak (1981) found that 
lead concentrations in the dust of Dahran were higher than 
in the industrial cities of US and Europe. This was 
attributed to the existence of heavy industrial activity in 
that area.
1.1.3 Soil
The soils of Saudi Arabia are alkaline being derived from 
the carbonaceous desert floor, much of them lacking in 
humus, with sparse or seasonal vegetative cover. In the 
interior deserts, where there are stony regions and 
stretches of barren mountains, there is no soil at all, but 
only areas of sand. In the southern region, mountain desert
10
and desert-steppe soils occur. Lead occurs naturally in all 
soils (deTreville, 1964). Small, irregular galena deposits 
are found in the Al-Wajh district (Twitchell, 1958) 
(Appendix A).
With the exception of a study by the author (Al-Saleh, 
unpublished), there are no data concerning lead 
concentrations in Saudi soil. Samples were taken from the 
top 10 cm layer of 12 different locations in Riyadh 
(Fig.1.1). In heavy traffic locations, the soil samples were 
taken at a various distances from a junction of major roads 
(100-500 metres). In residential locations, samples were 
taken from areas away from main roads. Lead concentrations 
in the soil of residential locations were significantly 
lower than in soil from highly traffic density areas (Table 
1.3). In heavy traffic locations, the lead concentrations 
decreased as a function of distance from the traffic flow: 
with 1676 ug/g at less than 100 metre from the entrance of 
the motorway, to 3.83 ug/g at 500 metres away from the 
traffic flow. This suggests that lead pollution is mainly a 
result of motor-vehicle lead emission. In the residential 
areas, two locations had high lead concentrations. Talal (8) 
is close to the airport (daily traffic volume is 
approximately 64,600) and Bader Ganub Safah (13) has high 
traffic activity because of its proximity to a main 
motorway.
11
Table 1.3 Lead distribution in the soil of Riyadh city.
Location No. of samples Mean Range Site No.
High traffic locations:
Maather 6 29.77 6.65- 81.11 1
Aum-Slaam 4 42.21 33.32- 47.02 2
Seih 8 219.51 4.09-1215 4
Maasef 3 45.46 11.74-101.91 5
Drahemiah 11 180.38 10.03-1676 6
A1-Salaam 3 54.44 3.83-122.41 7
Total 35 95.30
Residential locations:
Talal 3 53.67 5.64-121.64 8
Salehiah 3 32.30 9.14- 69.39 9
Rabua Garbiah 4 14.68 2.57- 37.06 10
Manag Dlail 3 23.05 12.15- 38.03 11
Ganub Gamah 5 5.58 2.14- 9.60 12
Bader Ganub Safah 3 77.73 2.78-224.63 13
Mean 21 34.50
fatal 56 64.90 2.57-1676
12
A significant correlation was found between airborne and 
soil lead concentrations (r = 0.738, p = 0.006) as shown in 
Fig.1.3.
1.1.4 Water
In Saudi Arabia, drinking water comes from desalinated sea 
water and deep wells. Many studies have shown that the use 
of leaded pipes as well as lead-soldered joints in copper 
systems contributes a significant amount of water pollution. 
Also, it is known that among the properties which influence 
the quality of drinking water with respect to lead content, 
are the hardness and pH of water (see Section 2.5.3). In 
Saudi Arabia, unleaded-pipes are used for water 
distribution. Also, water in Saudi Arabia tends to be hard 
and alkaline. Therefore, unlike the situations in many other 
countries, no potential hazard would be anticipated from 
this source. In fact, there is a paucity of published work 
regarding lead levels in Saudi drinking water. In an 
unpublished study of tap water by the author, the lead 
levels in 13 samples from different places in Riyadh city 
ranged from 0-5 ug/1 (average 2.6 ug/1), and 0.2-26 ug/1
(average 3.3 ug/1) in 35 samples from the Arar region. In
both regions, the lead concentrations were considerably 
lower than the WHO permissible limit for lead in drinking 
water (50 ug/1).
13
Fig 1.3 Correlation between lead in soil and a ir  in 
Riyadh city.
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1.1.5 Food
Saudi shops and supermarkets are well stocked with all
types of canned foods, baby formulas and soft drinks from
almost every part of the world. Standards of quality
naturally vary but the overriding impression is that the
sheer number of these products has increased the potential 
for lead pollution. As a new state, Saudi Arabia is trying 
to cope with this and other problems but the legislative and 
scientific tasks are enormous. In such a situation all kinds 
of claims are possible. For example, Haque (1983) found that 
there were 36 brands of milk formulae in Riyadh. He was 
concerned with the problem of choice facing mothers, but the 
problem of possible lead contamination remains to be 
investigated. Malnutrition was found to be a major problem 
in the central part of Saudi Arabia (probably in the Kingdom 
as a whole), (Abdullah et al, 1982) among children aged less 
than 5- years-old. It is likely that ignorance rather than 
poverty is the major contributing factor. The incidence of 
rickets among Saudi females, particularly pregnant women and 
their newborn is high (Cronin et al, 1983; Elidrissy et al 
1983). It is well recognised that the main source of vitamin 
D is from the diet and endogenous synthesis is promoted by 
sunlight. However, in spite of the abundance of sunshine in 
Saudi Arabia, the exposure of Saudi female is limited due to 
cultural habits, and vitamin D levels are surprisingly low 
(Woodhouse et al, 1982). This could suggest that
deficiencies in minerals and vitamins play a major role in 
susceptibility to enhanced lead absorption in Saudi Arabian 
children (Section 2.6.1).
15
1.1.6 Traditional cosmetics and remedies
.Apart from the usual sources of lead exposure such as air, 
water, paint, soil, and food, other less well recognized 
sources have been identified. These include traditional 
cosmetics and remedies and are especially important in 
children. Several reports have implicated Khol, Surma and 
traditional remedies as causes of lead poisoning among 
different populations: Asian (Ali et al, 1978 \ Warley
et al , 1968a,b;Snodgrass et al , 1973; Betts et al , 1973; Green 
et al, 1979; Pearl, 1977; Aslam et al, 1979, 1980) Mexican
(Baer et al 1988, 1989; Cueto et al, 1989; Bose et al, 1983;
CDC, 1981, 1982a, 1983 a,b) and Nigerian (Healy et al, 1984)
(as described in Section 2.5.7).
Among Arab communities, in addition to the usual application 
of Khol and Surma, it is the custom to apply Khol to the raw 
umbilical stump after birth in the erroneous belief of a 
beneficial astringent action (Fernando et al, 1981). These 
workers analysed samples of Khol and found lead contents 
ranging from 45-88%.
In Kuwait, studies by Shaltout et al (1981, 1985, 1989) and
Ghafour et al (1984) have identified many cases of lead
toxicity in children and neonates associated with the use of 
Khol, especially among Bedouin families. In addition to 
Khol, Fernando et al (1981) found four cases of lead 
poisoning in infants due to the inhalation of Bokhoor fumes 
from heated lead or lead sulphide. This is another 
traditional practice introduced to calm irritable infants 
and children. Lead poisoning in six infants was reported
16
from the United Arab Emirates due to the use of a 
traditional remedy called 'Bint dahab’ for treatment of 
colic (Rahman et al, 1986).
In Saudi Arabia, the use of Khol and various traditional 
remedies, which are usually prescribed by either old people 
or traditional healers, have been practised since ancient 
times and are still common today. Although health facilities 
and modern pharmaceutical medicines have become available in 
every city in Saudi Arabia, many people both educated and 
uneducated, continue to depend on traditional healers. Most 
of these remedies and cosmetics are imported from India, 
Iran, Morocco, etc. Moloney (1982) and El-Sheikh (1982) 
surveyed the use of traditional medicines, including locally 
grown herbs, imported herbs, and other substances, by people 
living in Qasim (in the central part of Saudi Arabia). They 
found that most of these medicines are taken orally, usually 
with hot water, and some are applied locally. Table 1.4 
lists examples of those traditional medicines.
In addition, 13 samples of different traditional cosmetics 
and remedies collected from Riyadh markets were analysed by 
the author (Al-Saleh, unpublished results) for lead (Fig. 
1.4). From the results in Table 1.5, lead was extremely high 
in six Khol samples and Bint dahab. In addition to lead, 
other toxic metals such as antimony, arsenic, cadmium and 
platinum were detected but in small amounts (less than 1%). 
This suggests that the use of such cosmetics and remedies by 
the Saudi population involves a substantial risk to health.
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Fig 1.4 Some samples of Saudi traditional 
cosmetics and remedies.
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Lead poisoning in infants was reported from Saudi Arabia in 
1967 by McNiel and Reinhard, following the use of ’Santrinj' 
as a teething powder and Bint dahab for colic. In 1983, 
Abdullah identified six cases of lead poisoning in infants 
aged 10-30 months. The source was found to be locally 
prepared teething powders known as ’Saoott’ and 'Cebagin' 
containing 51% lead.
Legislation on the sale of Khol and some remedies which have 
known toxicity has been introduced by the Saudi Government, 
but it appears that private importation and use of these 
products is still a common practice among the population.
1.1.7 Other sources
Finally, one could anticipate that other sources such as 
paints, printed magazines, toys, smoking, and jewellery 
manufacturing, etc. might contribute to lead pollution. In 
the absence of relevant scientific research, however, the 
role of these products must remain speculative.
1.2 SAUDI LEGISLATION
Through the Saudi Arabian Standards Organization (SASO), the 
Government of Saudi Arabia is trying to establish standard 
quality control producres for all industrial and commercial 
imports (Walmsley, 1985). The standards set by the
organization are consistent with the international standards 
set out by the WHO. The policy of the organization can be 
gleaned from brief reports published in local newspapers,
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but there are no detailed scientific reports. No doubt the 
task ahead is immense owing to the internationalisation of 
the Saudi market and the importation of goods from all parts 
of the world.
1.3 AIM OF THIS STUDY
When this study started, there were no published reports 
from Saudi Arabia showing the nature and extent of this 
problem, apart from the studies by McNeil and Reinhard 
(1967) and Abdulla (1983). Therefore, it was proposed to 
assess lead exposure in children who attend the Out-patient 
Clinics of King Faisal Specialist Hospital and Research 
Centre, Riyadh, since these children come from different 
parts of Saudi Arabia. This would help to identify whether 
there is a regional variation.
This was performed by measurement of whole blood lead 
concentrations. In addition, it was decided to evaluate the 
usefulness of the erythrocyte protoporphyrin (EP) test for 
detection of increased lead exposure. As discussed in the 
next chapter, there are some arguments concerning the 
validity of the test and this study presented an opportunity 
to measure lead and EP in a large number of specimens from 
children and to endeavour to draw conclusions concerning the 
value of this test.
The initial study indicated that there was a potentially 
serious public health problem related to high lead levels in 
children. Following these observations, other investigations
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were conducted in different Saudi populations in order to 
establish the extent of lead exposure in modern Saudi 
society. Since, children constitute the future generations
of the Kingdom of Saudi Arabia, so their health must be
protected and assured. To some extent this is achieved by 
detection and removal of lead from the child’s environment. 
Although, this study could not cover all the factors that 
were discussed above, attention was focused on, (1) the
prevalence of lead exposure in Saudi children, (2)
identification of the main sources of lead exposure.
CHAPTER 2 
LITERATURE REVIEW
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2.1 LEAD CHEMISTRY
Lead (Pb) is a member of sub-Group IVB of the Periodic Table 
together with tin, germanium, carbon and silicon. The 
chemical symbol is Pb, from the Latin name which is plumbum. 
Lead is a silvery gray, soft, heavy metal, with an atomic 
number of 82 and atomic weight 207.21. It has four naturally 
occurring isotopes (208, 206, 207, and 204 in order of
abundance), but the isotopic ratios for various mineral 
sources are sometimes substantially different. Three of the 
stable isotopes, 206pj-,f 207p]D> ancj 208pb are the end-
products of the radioactive decay of uranium, actinium and 
thorium. Because of this association with radioactive decay, 
lead ores, which were deposited during different geological 
periods and were derived from different source rocks, can 
exhibit distinctly different isotopic abundance. For example 
the lead ores from the three important mining areas in 
antiquity, Spain, England and Greece, can be readily 
distinguished from one another on the basis of their 
isotopic ratios and advantage can be taken of these 
differences in attempts to identify the sources of lead in 
leaded materials. The melting point is 327.4°C and the 
boiling point at atmospheric pressure is 1620°C. Metallic 
lead is poorly soluble in both cold and hot water and in 
dilute acids but dissolves well in nitric acid, acetic acid 
and hot concentrated sulphuric acid.
Lead can have a valency of +2 or +4 and can form both 
organic and inorganic compounds. Bivalent inorganic lead
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forms salts such as the nitrate Pb(N03)2; oxide (PbO) and 
sulphide (PbS). It has also the tendency to form well- 
characterized crystalline basic salts of both hydrous and
anhydrous types, some of which are used commercially as
pigments, for example white lead (Greninger et al, 1975;
WHO, 1977).
In contrast, the organic compounds of lead are generally 
formed with tetravalent lead. The best known examples of 
these are the tetraethyl lead and tetramethyl lead which are 
widely used as antiknock additives to petrol. Both are
colourless liquids with boiling points of 200°C and 110°C, 
respectively. The high pressures and temperatures which are 
necessary for combustion within a car engine (and the
presence of bromine compounds as scavengers in the petrol) 
convert the organolead present in the petrol into inorganic 
forms which are largely discharged in the exhaust fumes. 
Only a few organic compounds of divalent lead are known and 
they are extremely unstable.
Lead is widely distributed in nature. It is usually 
associated with other metals, particularly silver and zinc. 
The most common mineral is galena, lead sulphide. Although 
mined and used for centuries, galena still remains the 
principle source of lead today. Other minerals include 
anglesite, PbSO^, cerussite PbC03, and lanarkite, Pb0.PbS04 
which are of lesser commercial importance (Greninger et al , 
1975).
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2.2 THE USES OF LEAD
The unique properties of lead-softness, malleability, low 
melting point, and resistance to corrosion make it one of 
the most widely used metals. Refined lead is produced from 
both primary and secondary sources. Primary lead is that 
produced from mined ores, whilst secondary lead is derived 
from recycled materials such as battery plates and lead 
pipes.
Over half of all the lead utilised in the United States and 
perhaps a third of the total world consumption, is in the 
form of lead salts or lead-containing compounds. Inorganic 
lead compounds are widely used in the petroleum industry, 
the manufacture of storage batteries and the paint and 
pigment industries. The petroleum industry uses lead alkyls, 
namely tetraethyl lead and tetramethyl lead, as antiknock 
additives in petrol and also uses a small amount of litharge 
(PbO) dissolved in sodium hydroxide to remove undesirable 
sulphur compounds in the refining of petroleum.
The manufacture of electric storage batteries uses metallic 
lead in the form of a lead-antimony alloy and lead oxides in 
about equal proportions. The metallic lead is utilised in 
the grids and lugs, while the oxides (litharge (PbO), red 
lead (Pb304> and grey oxide (Pb02>) are used in the active 
material that is pasted on to the plates. The plates are 
immersed in a solution of sulphuric acid and form an 
electric cell which produces electricity from the chemical 
reactions which occur.
27
Lead pigments were first produced commercially on a large 
scale when the paint industry expanded rapidly in the early 
1900’s. Although the use of such pigments has decreased 
markedly during the last few decades, the paint industry 
still consumes a considerable amount of lead. Basic lead 
carbonate, basic lead sulphate, leaded zinc oxide and some 
lead silicates are used in the manufacture of outdoor 
paints. The principal pigment used in metal protective 
paints is red lead (Pb304> . Blue basic lead sulphate is also 
used to some extent as a metal protective pigment. Many 
yellow, green and red pigments contain lead chromates.
Large amounts of lead are used as solder in the soldering of 
seams and closures in the sheathing of telegraph, telephone 
and power cables. A significant proportion of lead is used 
in the building industry (in the form of sheet and pipes). 
The ammunition industry is an important consumer of lead. It 
is also used as stabilizers in the production of plastics, 
especially polyvinyl chloride (PVC). The ceramic industry 
consumes lead in the form of lead oxides and silicates. 
Crystal glass, optical glass and glass for electrical 
purposes contain a large amount of lead, as do the glazes 
used for china, pottery and porcelain enamels. Lead is used 
in eye cosmetics particularly in Asian countries. Lead-tin­
antimony alloys are used in the printing industry 
(Urbanowicz, 1986; WHO, 1977; WHO, 1973). There are many 
minor uses of lead compounds but these account for only a 
small proportion of total lead consumption.
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2.3 LEAD HISTORY
Lead is one of the oldest metals known to mankind, as 
evidenced by the discoveries of artifacts made from lead 
that date back to 4000 B.C. in the temple of Osiris in 
Egypt. The histories of both lead and silver are related, 
since about 400 parts of lead were produced as a by-product 
from each part of silver smelted from ores (Settle and 
Patterson, 1980). In ancient days, the need for silver was 
the principal stimulus for lead production.
The Egyptians, Phoenicians and Hebrews all used lead, but 
not in large quantities. The ancient Egyptians used metallic 
lead for small human and animal figurines, sinkers for 
fishing nets, rings, beads and other small ornaments, dishes 
and trays, vessels, tanks and plugs, and for medical 
recipes. In addition, galena was used as an eye paint and 
several oxides were used as pigments for decorative and 
writing purposes (Lucas and Harris, 1962; Smith, 1986; 
Hamarneh, 1973). Large quantities of lead have been smelted 
in Southwest Asia and Europe since 2500 B.C. During Assyrian 
times, lead was also used in the construction of the Hanging 
Gardens of Babylon (Nriagu, 1983).
Although lead was important in ancient times, it was not the 
until the Roman era, 2000 years ago, when its use achieved 
industrial proportions. Most of the lead production came 
from British mines. Before the Roman invasion, lead was 
mined only on a small scale in Britain. However, the spread 
of the Roman Empire and its extension to Britain was
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imparted by their need for lead. Lead mining was carried out 
in Northumberland, Cumberland, Yorkshire, Derbyshire, 
Shropshire, in the Mendips in Somerset, in Devon, Cornwall 
and Wales. The choice of York as the northern capital of 
Britain was partly due to the many lead mining areas on 
Alston Moor and South Yorkshire (Pulsifer, 1888). Extensive 
mining operations in Britain were carried out during the 
period of the Roman Empire. The Romans are said to have 
produced an average of more than 80,000 tons of lead per 
year.
Lead gained pre-eminence when the Romans devised their 
elaborate water-transporting system which were consisted of 
either earthenware or lead pipes or by constructing channels 
through rock (Lewis and Reinhold, 1968). Romans used lead 
for roofing and for covering and protecting the keels of 
ships. With the spread of Christianity during Roman times, 
lead was used for the burial of the dead by folding the 
edges of lead sheets to make a rectangular box with a lid. 
Both the Greeks and Romans used lead-lined cooking utensils 
from which lead was scraped or leached off and this would 
have contributed to the dietary lead intake. The
adulteration of foods, particularly condiments, with lead 
was an old process. The sweet taste that lead salts bring 
out in organic acids was popular with the Romans, 
particularly since they had no sugar. Therefore, they 
extensively used boiled-down grape juice to impart a sweet 
flavour to their dishes. According to the degree of boiling 
down, the concentrated sweet syrup was called sapa or 
defrutum (or defritum) or sometimes by its Greek names
(car(o)enum, hesema, or siraeum). Leaded vessels were
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preferred for boiling because they made the concentrate 
sweeter and more durable. ’Sapa* as a sweetening agent was 
used by Greeks and Romans in wine making. Each litre of wine 
acquired 15 to 30 mg Pb/1. It has been estimated that a 
member of the Roman aristocracy ingested between 160 and 
1520 ug Pb/day, whereas the ordinary Roman people ingested 
only 35 to 320 ug Pb/day (Mack, 1973; Waldron, 1973; Settle 
and Patterson, 1980; Gilfillan, 1965; Nriagu, 1983) which 
corresponds approximately to the average intake today (see 
-2.5.4). With the fall of the Roman Empire, the worldwide 
production of lead declined.
During the Middle Ages and until the Renaissance, lead was 
surrounded by superstition and prejudice, due to its use in 
burials and its association with death (Krysko, 1979). 
Following a gradual return of the need for lead, many of the 
old Roman mines were re-opened and worked again. As in Roman 
times, the main uses for lead were for piping and roofing. 
In the early Middle Ages the Crusaders used molten lead to 
pour onto the heads of enemies. Lead demand increased in the 
late fourteenth century for the production of bullets. In 
addition, the domestic ware of the merchant classes was made 
of pewter, containing up to 60% lead. From 1450 onwards lead 
was used in place of money when coinage was in short supply, 
in glass, and in strips to hold pieces of coloured glass 
together in church and cathedral stain glass windows 
(Pulsifer, 1888; Nriagu, 1983).
Following the Industrial Revolution of the 18th century, and 
particularly since the early 1940’s, the use of lead has
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increased rapidly. Lead production grew dramatically from
100,000 tons per year 300 years ago, to one million tons 50 
years ago (as quoted by Settle and Patterson, 1980). Many of 
the uses of lead described in Section 2.2 were developed 
during this period. Today, the estimated worldwide 
production of lead is approximately three million tons per 
year.
2.4 DISCOVERY OF LEAD POISONING IN CHILDREN
The toxic effects of lead have also been long recognized. In 
the second century B.C., Nicander, the Greek poet-physician, 
described classical signs and symptoms of lead poisoning 
such as colic, constipation, pallor and palsy in persons who 
ingested litharge and ceruse (Waldron, 1973). The Romans and 
Greeks were aware of the harmful effects of lead but 
nevertheless continued to ingest it through food and drink, 
particularly wine. Gilfillan (1965) linked the fall of the 
Roman Empire to lead poisoning. This author considered that 
the lower birth rates and madness of the ruling class were 
due to the substantial amounts of lead in wine and water. 
Throughout history, the dangers of using lead have been 
periodically ignored and rediscovered (Mack, 1973; Waldron,
1973).
In 1786, Benjamin Franklin (McCord, 1953a) indicated in a 
letter his knowledge of lead toxicity by saying, M You will 
see by it, that the Opinion of the mischievous Effect from 
Lead is at least above Sixty Years old; and you will observe 
with Concern how long a useful Truth may be known and exist, 
before it is generally reciev’d and practic’d on.”
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During the Industrial Revolution, the use of lead in 
industrial processes increased. This resulted in the 
exposure of large numbers of workers, including women and 
children, to lead. In the 18th and 19th centuries, female 
lead workers and wives of male lead workers suffered a 
higher incidence of sterility, abortion, stillbirth and 
premature delivery. Infant mortality was extremely high in 
their offspring, among whom congenital lead poisoning was 
manifested as low birth weight, convulsions, failure to 
thrive and mental retardation (Oliver, 1911). The prevalence 
of lead poisoning in children through direct exposure was 
first observed in Queensland, Australia, in the 1890’s by an 
Australian ophthalmologist (Gibson et al, 1892). The source 
of lead remained hidden until 1904, when Gibson related it 
to the paint used on railings of verandas and walls in homes 
(Gibson, 1904). He drew attention to lead in house dust as a 
source of exposure and the role of children whose hand-to- 
mouth habits introduced lead into the body.
In 1914, Thomas and Blackfan from Johns Hopkins Hospital 
reported the first American case of childhood lead poisoning 
due to paint. The authors remarked that lead poisoning was 
not very common in the US, and that Australian children 
seemed peculiar to have lead poisoning. Three years later, 
Blackfan (1917) acknowledged the importance of the 
Australian studies on lead poisoning in children when he 
discovered another four children with convulsions due to 
lead. He suggested that, in all patients with convulsions, 
in which the aetiological factor is not clear, lead should
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be suspected. However, the problem did not gain wide 
recognition until 1924 when Ruddock called attention to many 
dangerous lead sources in a child's environment and to the 
role of pica Clicking, chewing or actually eating foreign 
objects) in lead poisoning. In addition to lead paint, he 
found food colouring and receptacles, toys, furniture, 
cosmetics and medicinal ointment as sources of poisoning. 
McKhann (1926, 1933) studied a large series of children seen 
at the Boston Infants and Children Hospital between 1924 and 
1933 with lead poisoning due to the ingestion of lead paint 
on cribs and furniture.
During the same period physicians from Baltimore, Chicago, 
Philadelphia, Detroit and other cities reported a number of 
cases of lead poisoning caused by the burning of discarded 
storage battery castings for fuel purposes in winter 
(Levinson and Harris, 1936; Williams et al, 1933). Although, 
these outbreaks focused some attention on lead poisoning 
problems in children, only the Baltimore Health Department 
became seriously interested in childhood lead poisoning 
(Kaplan and McDonald, 1942). Elsewhere, health authorities 
gave it little attention until the early 1950s. From the 
early 1950s to the mid 1960s health workers devoted some 
effort to indemnifying cases and to public education, as it 
became increasingly evident that lead poisoning occurred 
commonly in U.S. children. As a result of this activity, 
hundreds of cases were discovered in different U.S. cities 
(Mel1 ins and Jenkins, 1955; Chisolm and Harrison, 1956a; 
McLaughlin, 1956; Bradley et al, 1956; Ingalls et al, 1961; 
Christian et al, 1964; Greengard et al, 1965).
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Epidemiological data from different cities during this 
period provided a uniform pattern. Childhood lead poisoning 
occurred almost entirely in children of 1 to 6 years old who 
resided in dilapidated housing in large inner city slums; 
those between 1 and 3 years were at highest risk and Black 
children had a higher incidence than White children. Peeling 
lead paint and lead-impregnated broken plaster in these 
houses emerged as the major sources of poisoning and pica 
was an important aetiological factor. The disease occurred 
all year round but symptoms, in particular lead 
encephalopathy, were more common during the summer months. 
Unless the lead paint hazards were removed, recurrence of 
the disease was common (Lin-Fu,.1967).
Reduction in mortality provided, however, only a partial 
solution to the problem, for morbidity among survivors 
remained formidable. Some workers thought that the 
neurological manifestations of lead poisoning usually 
subsided without serious consequences and for many years it 
was generally assumed that, upon recovery from acute lead 
poisoning, children were left without residual deficit. The 
neurological sequelae of lead poisoning were first 
documented by Byers and Lord (1943) in 20 children. Support 
for their observation came from Thurston et al (1955); 
Chisolm and Harrison (1956a, 1957) and by Smith et al
(1963). In a large study by Perlstein and Attala (1966), of 
425 children with diagnosed lead poisoning, 39% were left 
with neurological sequelae. The route of exposure for 96% of 
these children was from chewing or eating loose plaster with
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old lead-containing paint on it. Other studies suggested 
that visual-motor deficits and behavioural disorders, 
characteristic of a minimal brain dysfunction syndrome, were 
common in children who had relatively mild lead poisoning 
(Mel 1 ins and Jenkins, 1955; Thurston et al, 1955; Cohen and 
Ahrens, 1959).
These data drew surprisingly little attention from either 
health workers or the public. The awakening of social 
conscience of the mid-1960s brought with it a sudden 
acknowledgment of the magnitude of childhood lead poisoning. 
The unexpected discovery of thousands of asymptomatic 
children with elevated blood lead levels in the late 1960s 
caused health workers not only to realize the importance of 
recognizing undue lead absorption in children in preventing 
overt lead poisoning but also to be concerned over the 
possible subclinical toxic effects of lead in young children 
(Lin-Fu, 1972, 1973 a,b).
Until the 1970s, it was generally assumed that medical 
attention should be focused on the effects of severe 
exposure and resultant high body burdens associated with 
clinically recognizable signs and symptoms of toxicity. 
Since the Surgeon General’s Statement in " Medical Aspects 
of Childhood Lead Poisoning in 1970 ”, the goals for
detection and management of children exposed to lead have 
changed substantially. The statement called for early 
identification of children with undue lead absorption, 
through a programme of mass screening, and shifted the focus 
from case finding to prevention. Since mass screening began
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in 1971 the incidence of lead encephalopathy in children has 
decreased dramatically. However, undue lead absorption has 
continued to be prevalent among children. There was growing 
concern that chronic asymptomatic lead exposure may cause 
minimal brain dysfunction, behavioural problems and 
neurological impairment in children exposed during early 
childhood. Therefore, many clinical and epidemiological 
studies focused on the relationship between behavioural 
abnormalities, neuropsychological performance and mental 
retardation and chronic low-lead exposure which by itself is 
insufficient to cause recognizable clinical symptoms 
(Pueschel et al, 1972; David et al, 1972, 1976; Lansdown et
al, 1974; De la Burde and Choate, 1972, 1975; CDC, 1978;
Landrigan et al, 1975a; Baloh et al, 1975; Rummo et al, 
1979; Needleman et al, 1979; Needleman, 1982; Bornschein,
1980; Yule et al, 1981; Thatcher et al, 1982; Marecek et al,
1983; Bornschein et al, 1985; Padich et al, 1985; Winneke et
al, 1985; Bellinger et al, 1986; Dietrich et al, 1987; Davis 
and Svendsgaard, 1987). Furthermore, several studies 
reported the effects of lead on the haematopoietic and renal 
systems (see Sect ion 2.9.1). In the light of these studies 
the blood lead concentration considered dangerous enough to 
warrant medical attention in young children has declined 
from approximately 60 ug/dl in the 1960s to 25 ug/dl at 
present (CDC, 1985).
In the same period, the prevalence of undue lead absorption 
in young children prompted a more careful scrutiny of the 
lead sources in environment of children (Lin-Fu, 1973 a). 
Lead-based paint remains the most important high-dose source 
and the most common cause of serious lead poisoning among
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children living in poorly maintained houses. In addition to 
lead paint, airborne lead (particularly lead settled in dust 
and dirt) is another important source of exposure (Landrigan 
et al, 1975b; Lepow et al, 1974; Sayre et al, 1974; Vostal
et al, 1974). With it came the rediscovery that, in addition 
to pica, hand to mouth activities of young children living 
in a polluted environment can result in the ingestion of 
considerable amount of lead (Lin-Fu, 1973b; Sayre et al,
1974). Other hazardous lead sources within a child’s 
environment are described in the next section.
2.5 SOURCES OF LEAD EXPOSURE
Lead in the atmosphere comes from a wide variety of natural
and anthropogenic sources. The worldwide emission of lead 
from these sources during 1975 is shown in Table 2.1 
(Nriagu, 1979). Annual anthropogenic lead emission exceeded 
the natural rates by approximately 1814%.
Natural sources of lead
Lead is considered as one of the more hazardous trace 
elements which contaminate the environment. Lead occurs 
naturally throughout the world and is found in soils, oceans 
and air. Generally, contamination by lead from natural 
sources is very small (Patterson, 1965) and man's exposure 
from these sources is negligible. The lead content of the 
earth's crust ranges from 12 to 20 ug/g (Chow and Patterson, 
1962; Rankama and Sahama, 1950). In the lithosphere, 
granitic rocks with a high acid content tend to have higher 
lead concentrations than basaltic or basic rocks (Taylor,
1964; Flanagan, 1973; Volobuev and Golovnya, 1972).
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Table 2.1 Natural and anthropogenic sources of lead 
emissions to the atmosphere.
Sources Worldwide,annual Emissions
CIO6 kg)
Natural:
Windblown dusts 16.00
Volcanogenic particles 6.40
Vegetation 1.60
Forest fires 0.50
Sea salt spray 0.02
Total 24.52
Ant hropogen i c :
Mining non-ferrous metals 8.20
Primary lead production 31.00
Other primary nonferrous 45.50
metal production
Secondary sme11 ing 0.77
Iron and steel production 50.00
Industrial uses of lead 7.40
Coal combustion 14.00
Oil (including gasoline 273.00
combustion)
Waste incineration 8.90
Manufacture,phosphate 0.05
fertilisers
M i see11aneous 5 . 90
Total 444.72
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The lead concentration of igneous and metamorphic rocks 
ranges from 7 to 20 ug/g (Turekian and Wedepohl, 1961; 
Vinogradov, 1956, 1962), with similar values in sedimentary
rocks. The lead content of shale and sandstone ranges from 
10 to 70 ug/g (Davidson and Lakin, 1962; Wedepohl, 1971). 
Phosphate rocks have a lead content which exceeds 100 ug/g 
(Sheldon et al, 1953). The natural concentration of lead in 
soil is 2-200 ug/g with most samples being in the range 5 to 
25 ug/g. The source of most native lead in soil is the 
weathering of the parent rocks.
Lead in soil is relatively insoluble and immobile although 
it may be leached by acidic waters and removed in complexes 
with soluble organic compounds. Lead is transferred within 
soils by a combinations of oxidation and reduction 
reactions, adsorption of cations on soil components, 
chelation by organic matter and other metal oxides, and 
cycling within the biota. Site-specific factors such as 
mineral composition, organic content, and acidity of the 
soil influence each of these processes. Soil conditions vary 
greatly from one location to another but, in general, the 
primary factor controlling the availability of lead for 
leaching or uptake is its very low solubility (NAS, 1980).
Sources that contribute to the very small amount of natural 
airborne lead include the following: silicate dusts,
volcanic halogen aerosols, forest fires, aerosol sea salts, 
meteoric and meteoritic smoke and lead derived from the 
decay of radon (Patterson, 1965).
There has been a large number of studies concerning the 
concentration of lead in natural surface waters. Natural 
means of transfer of lead into water include leaching from
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soils or rock strata, transport of sediment particles in 
surface runoff water and deposition of aerosols onto water 
surfaces (NAS, 1980). Once lead has entered the water its 
mobility and distribution is controlled by its chemical 
forms. Acidic water has a greater ability to dissolve salts 
from mineralized lead. Concentrations of lead in natural 
water are generally very low, 1-3 ug/1, rising up to 
approximately 73 ug/1 in waters draining from areas of lead 
mineralization CAston and Thornton, 1977). The concentration 
of lead in sea water has been found to be lower than in 
fresh water and usually ranges from 0.08-0.4 ug/1 (Tatsumoto 
and Patterson, 1963). In deep water, the concentration is 
even lower. According to Chow (1968), at depth of 1000 
metres, the concentration is around 0.03-0.04 ug/1.
Industrial and related sources of lead
The major sources of lead in the environment that are of 
significance for the health of man arise from the industrial 
and other technological uses of lead. The general population 
is exposed to lead by ingestion of food and water and by 
inhalation as well as a number of other sources. In 
addition, children are exposed by eating non-food items. The 
principal sources of lead include:
2.5.1 Airborne lead
The largest fraction of airborne lead is a consequence of 
the combustion of leaded petrol. Lead is added to petrol as 
t he organ i c t et raa1ky11ead compounds, t et raet hy11ead,
tetramethylead and the mixed alkyls of triethylmethylead, 
d i et hyd i met hy11ead and et hyt r i met hy11ead. These add i t i ves 
are used to raise the octane number of petrol and improve 
its combustion characteristics by reducing the tendency for 
knocking of the fuel-air mixture during the compression 
st roke.
Tetraethyllead was introduced as an additive to car fuel in 
1923, whereas tetramethy1 lead was first used in 1960.
Diesel, kerosene (paraffin) or fuel oil contain no lead
additives. Lead emission from petrol-fuelled motor vehicles 
take the form of both organic and inorganic lead. Most of 
the inorganic emission involves lead halides and ammonium 
lead halides with lead bromochloride as the major compound 
(Hirschler et al, 1957). About 75% of the added lead is
burnt and emitted from the exhaust as inorganic salts of
lead and about 1% of the alkyl material remains uncombusted. 
The remaining 20-25% of lead is trapped in the exhaust 
system and the engine oil (Harrison and Laxen, 1984). 
Tetraalky1lead compounds may also enter the atmosphere as a 
result of the spillage of leaded petrol, evaporation from 
tanks and carburettors and uncombusted petrol in crankcase 
blow-by gases and exhaust gases (Harrison and Perry, 1977).
Lead emission rates from cars are dependent on the mode of 
operation (Hirschler et al, 1957; Hirschler and Gilbert,
1964). Firstly, emissions change as the engine ages. Exhaust 
systems are fairly free of deposits when new, the emission 
of lead being 20-25%, but after the car has been operated 
for several thousands of miles at moderate speeds, emission
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increases into the 35-55% range. Second, the higher the 
speed or the load, the greater the rate of lead emission. 
During full throttle acceleration at high speeds, lead 
discharge may be several times the quantity being burned. 
However, continued operation of this type causes lead 
emission to decrease, probably because exhaust system 
deposits are gradually expelled. Finally, in terms of 
particle size, Hirschler reported that lead particles in
exhausts range from 0.01 urn to several millimeters in
diameter. Under city driving conditions, about one half to 
three quarters of the lead exhausted is in the form of
particles with diameters of 5 urn or less. From about 4-12%
of the exhausted lead is in particles of < 1 um. At higher 
speeds or accelerations a lesser percentage of the exhausted 
lead is discharged in fine sized particles.
The concentration of airborne lead decreases rapidly with 
increasing distance from roads. In 1964. Cholak showed that 
air over heavily travelled streets contains more lead than 
does air over lightly travelled streets. There is also a 
diurnal pattern whereby the airborne lead level rises and 
falls in proportion to vehicular traffic activity and the 
average concentrations are often higher during the day than 
at night (Janssens and Dams, 1975).
As mentioned earlier, the particulate materials emitted into 
the atmosphere are of varying sizes. Particles greater than 
10 um are subject to significant sedimentation rates as a 
result of gravitational forces. Particles less than 10 um 
diameter have a far longer atmospheric lifetime and present
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the greatest hazard to health. They are removed slowly from 
the atmosphere by precipitation (wet deposition) or by 
sedimentation, diffusion or impaction (dry deposition) onto 
surfaces (Harrison and Laxen, 1984).
Meteorological and physical features strongly influence the 
concentration of lead in the atmosphere. Where wind 
velocities are high, the particles will be transported more 
rapidly. Such increases in wind velocity are not exclusively 
a function of the climate but may be associated with the 
physical characteristics of the ground over which the air is 
passing (Moore, 1986). Fig.2.1 illustrates the influence of 
wind direction on the quantity of lead in the air as well as 
the deposition of dust on the motorway. Every sampling site 
has its own characteristics with respect to geography and 
meteorology (Chamberlain et al, 1978; Moore, 1986).
Estimates of the atmospheric lifetime of lead aerosols range 
typically between 7 and 30 days (Francis et al, 1970). This 
time is sufficient for transport over thousands of
kilometers and consequently even the most remote sites may 
experience pollution by inorganic lead. Any increase in 
rainfall and/or snowfall will hasten the loss of airborne 
lead (LaBarre et al, 1973; Grandstaff and Meyer, 1979).
Furthermore, concentrations of lead in polar ice and snow 
have increased around 200-fold since prehistoric times as a 
results of man’s activities (Murozumi et al 1969; Boutron 
and Patterson 1986; David, 1986).
In the late 1970s the US Environmental Protection Agency 
implemented a set of standards in order to decrease lead
Fig 2.1 The influence of wind on the distribution 
of lead in the air  and its deposition on 
the grass across the motorways.
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levels in petrol. Although there are some economic arguments 
in favour of using lead in petrol, (as it will initially 
cost more to produce lead-free petrol) these arguments are 
generally weak and as has been shown in the USA, the actual 
cost of lead-free petrol is little more than the cost of 
normal petrol. In the USA, unleaded petrol has been widely 
available since 1974 and by law it should be used in all new 
cars manufactured in 1975 or later.
In most developed countries, the lead content of petrol has 
been reduced over recent years. In the UK, the maximum 
permissible lead content of petrol was 0.84 g/1 (1972), 0.45 
g/1 (1978), 0.4 g/1 (1981) and reduced to its present value
of 0.15 g/1 in 1985 (DHSS, 1980; Department of Environment,
1987, 1988). On a national scale, the emission of lead from 
vehicles at the current time is diminishing because of the 
progressive introduction of unleaded petrol or lower lead 
petrol, in the USA (Billick et al, 1979; CDC, 1982b; Annest, 
1983), Japan (Ohi et al, 1981) and in Europe (Sinn, 1981; 
Facchetti et al, 1982; Department of Environment, 1983).
In USA, Annest et al (1983) provided more striking evidence 
by conducting a huge survey into trends in blood lead levels 
between 1976 and 1980. This was known as the National Health 
and Nutrition Examination Survey (NHANES). The total amount 
of lead used in petrol production decreased from 
approximately 53,000 tonnes to 24,000 tonnes per quarter 
from the beginning to the end of the study. There was a 
corresponding 37% decline in blood lead levels and the 
overall mean blood lead levels dropped from 14.6 to 9.2
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ug/dl. The authors correlated the major reductions in the 
lead content added to petrol sold in the United States with 
significant reductions in the blood lead levels of children. 
A similar relationship between leaded petrol sales and 
umbilical cord blood lead levels has been shown by 
Rabinowitz and Needleman (1983) and Rabinowitz et al (1984).
Recently, the Department of the Environment in the UK, in 
conjunction with Local Authorities, Health Authorities and 
Police Forces (1988), has undertaken an extensive programme 
to monitor blood lead concentrations in adults and children 
annually over the period 1984 to 1987 in the context of the 
reduction in the maximum permissible lead content of petrol 
from 0.4 to 0.15 g/1 from the 1 January 1986. Lead emission 
from vehicles in 1986 were reduced to 60% and airborne lead 
to 53% compared with 1985; also concentrations of lead in 
dust at the roadside fell by 10-40%. The average blood lead 
concentrations decreased by 10% per year during 1984, 1985 
and 1986 in the populations studied. Since those reductions 
were noted before the changeover to low lead petrol in 1986, 
they cannot be ascribed simply to this move and the 
resulting reductions of lead in air and dust. A combination 
of other factors are being undertaken (Simms et al, 1987) to 
reduce the exposure of the general population to lead from 
other sources (water, canned food, air, industrial 
processes, paint, cosmetics and ceramic glazes) and these 
are likely to be especially important in the interpretation 
of results obtained in the USA and other similar studies.
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In Europe a directive of the Commission of the European 
Communities state, " an annual mean level of not more than 2 
ug/nr* lead in urban residential areas exposed to sources of 
atmospheric lead other than motor vehicle traffic ” and " a 
monthly median level of not more than 8 ug/m^ lead in areas 
particularly exposed to motor vehicle traffic " are
acceptable (EEC, 1975). In USA, the National Academy of 
Sciences (1980) estimated that the input of lead into the 
atmosphere from motor vehicle exhausts in the urban air of 
large cities are probably 0.5 to 2 ug/m^; in heavy traffic
airborne lead levels would be 5 to 10 ug/m^.
Despite a decrease in the amount of lead used in petrol,
motor vehicle exhausts still represent the most important
dynamic source of lead in the environment. Attempts have
been made to examine the relationship between lead in the 
air and biological response such as the level of lead in 
blood. Several other studies have been undertaken over the 
past few years to investigate whether or not leaded petrol 
is a significant source of lead exposure. Caprio et al
(1974) examined the relationship between blood lead levels 
in children and household location with respect to distance 
from traffic density in the city of Newark, NJ. Excessive 
lead absorption was observed in children who lived in houses 
close to major urban highways or heavy traffic density. In 
the UK, the Brent survey (Taylor et al, 1985a) has shown no 
association between blood lead or ZPP levels in children 
whose schools or homes were situated close to major roads. 
This ruled out the possibility of any airborne lead
pollution problem in that area.
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The relationship between blood lead and airborne lead was 
first pointed out by Goldsmith and Hexter (1967). This study 
showed that the contribution of air lead to blood lead is 
about 1.3 ug of lead per 100 ml of blood per 1 ug of lead
per m of air. Several published data for atmospheric lead
levels are currently available, particularly from the U.S.A. 
(Dailies et al , 1970; Huntzicker et al , 1975; Lepow et al , 
1975; Ludwig et al, 1965; Hoggan et al, 1978; Angle and
Mclntire. 1979; Snee, 1981; Billick, 1983; Manton, 1985), 
Europe (Chow, 1973a; Taylor, 1982: Evlenbosch et al, 1984; 
Healy and Aslam, 1980; Archer and Barratt, 1976; Stephens, 
1981). Japan (Horiuchi, 1970), Arab countries (Ahmed et al, 
1987; Jamil et al, 1987; Hana and Al-Bassam, 1983), Asia
(Chalermchai et al, 1983; Khan, 1981; Farsam et al, 1978),
and Australia (Noller and Bloom, 1975).
The lead industry is another source of lead in air but on a
more local scale than vehicle emissions because most of the 
industrial lead processes produce large particles which fall 
out close to the source. The release of lead from industrial 
sources is small (about 10%). Industrial lead particulates 
released into the air are much coarser than lead
particulates from vehicle exhaust and contain little or no 
bromine. As mentioned earlier, mining, smelting and refining
of lead as well as use of lead-based products give rise to
lead particulates released into the environment. The process 
of lead smelting and refining probably has the greatest 
potential for hazardous exposure of all the lead industries.
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Although, industrial the emissions are localised they can 
cover a considerable area within a given locality. In a 
large USA smelter the zone of air pollution extends to 
approximately 5 km from the smelter (Landrigan et al , 
1975b). In a similar study conducted near a smelter and a 
mine in the Meza Valley, Yugoslavia, the air lead 
concentration 10 km away ranged from 1.3 to 24.0 ug/m3 
(Djuric et al, 1971). Pollution by a secondary lead smelter 
has been reported to have an effect on adults living 1-4 km 
from the main emitter (Nordman et al. 1973). Several studies 
showed that the air, soil and water near primary and 
secondary lead smelting plants, storage battery plants and 
to a lesser degree other processing industries are polluted 
(Oyanguren and Perez, 1966; Djuric et al. 1971; Roberts et 
al , 1974; Landrigan et al, 1976: Popovac et al, 1982; Guerit 
et al, 1981; Roels et al, 1980; Hartwell et al, 1983).
2.5.2 Soil, vegetation, and dust
As mentioned earlier, the mean concentrations of lead in 
unpolluted soils range from 2 to 200 ug/g with most samples 
being in the range 5 to 25 ug/g. Concentrations in excess of 
these are generally indicative of lead pollution or 
mineralization (Harrison and Laxen, 1984). The particles of 
airborne lead deposited in soil, dust and vegetation usually 
come from either motor vehicle and industrial emission. In 
soil, lead tends to remain in the uppermost layer (to a 
depth of 1 cm), but most soils are contaminated to a greater 
depth when the top soil is distributed. X-ray powder 
diffraction (XRD) studies by Olson and Skogerboe (1975) have 
shown that 70% or more of the total lead in the soils 
examined was contained in the top 5 cm and that the majority
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of this lead was present as its sulphate. Lead levels in 
roadside grass may reach several hundred ug/g most of which 
arises from surface deposition rather than uptake from the 
soi 1 .
A number of studies have shown that uptake of lead from the 
soil by growing plants is highly variable, depending on the 
availability of the lead. Factors such as low cation 
exchange, low organic content and low pH enhance lead 
mobility and then increase availability for lead uptake 
(MacLean et al, 1969; Zimdahl and Skogerboe, 1977; Harrison 
and Laxen, 1984). Even after absorption of lead, 
translocation within a plant is poor and roots invariably 
contain greater concentrations of lead than parts above the 
ground (Motto et al, 1970).
As with air, several studies have shown that soil and 
vegetation near motorways and industrial areas, particularly 
the areas involved in lead smelting or mining, contain 
elevated levels of lead that decrease with increasing 
distance from the source (Motto et al, 1970; Ganje and Page, 
1972; Hemphill et al, 1974; Ward et al, 1975; Linzon et al , 
1976; Wesolowski et al, 1979; Flanagan et al, 1980).
Street dusts are solid materials which accumulate at the 
edge of paved roads in towns and represent an accumulation 
of lead from industrial emissions. Added to this burden are 
the recent (several decades) deposition of lead from 
exhausts of motor vehicles. Many reports on the lead content 
of street dusts have been published (Day et al, 1975; Lepow 
et al, 1975; Archer and Barratt, 1976; Farmer and Lyon et
al., 1977; Harrison, 1976, 1979; Diemel et al , 1981).
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The build-up of street dust is a combination of aerial 
deposition of dust by gravitational settling and scavenging 
of dusts by wind and water. Street dusts appear to be 
composed largely of soil, it is probable that crystalline 
lead salts are progressively dissolved by rainwater and 
redeposited in the non-crvstalline chemical forms typical of 
soils. Biggins and Harrison (1980) found that only a small 
proportion of the lead present in street dust existed in a 
crystalline form susceptible to X-ray powder diffraction 
analysis. Street dusts were reported to contain 206 to
20,000 ug/g of lead in samples from different cities in the 
United States (NAS, 1980).
There has been increasing interest in the potential hazard 
to children resulting from the ingestion of soils or dusts 
containing high lead levels originating from industrial and 
leaded petrol sources. Children appear to obtain lead from 
either soil or dust as a result of their hand-to-mouth 
activity coupled with pica (Barltrop, 1966). A number of 
studies have been reported which explore the relationship 
between blood lead levels in children and the concentration 
of lead in dust and /or soil (Barltrop et al, 1974. 1975; 
Angle et al, 1975; Yankel et al, 1977; Roels et a 1, 1978a; 
Duggan, 1980, 1983; Angle et al , 1984; Gallacher et al ,
1984; Rabinowitz et al, 1985a; Rabinowitz and Bellinger,
1988). Studies from the USA have reported values of lead 
concentration in the soil ranging from less than 100 ug/g to 
more than 10,000 ug/g (NAS, 1980). A recent study by 
Madhavan et al (1989) proposed a permissible level of 600 
ug/g of lead in soil which would contribute no more than 5 
ug/dl to the total blood lead of children under 12 years 
old.
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Ingestion of lead from soil and dust is unusual among the 
adult population. However, clay-eating (geophagia) has been 
found to be common among some ethnic groups in the 
southeastern United States (Layman et al, 1963) and
recently, a case of clinical lead poisoning in an adult who 
habitually ingested contaminated garden soil was reported 
(Wedeen et al, 1978). Generally the most common form of 
exposure of adults to lead in soil and dust is through 
accidental contamination of foods and dishes.
2.5.3 Water
Lead enters streams, lakes and oceans as (a) soluble ions 
leached from soil and rocks, (b) in insoluble sediment 
particles, or (c) by wet or dry deposition from the 
atmosphere onto the water surfaces. There are also 
contributions from effluent sources (industrial and sewage 
effluents) and diffuse sources of which roads and motorways 
are the most important in urban areas. On the other hand, in 
rural areas the predominant source of leaded water comes 
from weathering processes, in particular in areas of lead 
mineralization (Bryan, 1974; Hedley and Lockley, 1975; NAS, 
1980; Harrison and Laxen, 1984; Moore, 1986). The 
concentrations of lead in raw waters are generally below 10 
ug/1, although higher concentrations of lead occur in 
polluted waters. Treatment processes for public water 
supplies, such as precipitation and water softening, are 
used to reduce the concentration of filterable lead in raw 
water (Harrison and Laxen, 1984). Lead is slightly soluble
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in water but enhancement of solubility occurs if it is
complexed with organic compounds. Clearly, if lead is 
present in water as a carbonate/hydroxy precipitate, then 
any reduction in the water pH will increase the 
concentration of soluble lead.
Drinking water which passes through lead plumbing systems is 
considered as an important source of lead exposure for 
humans. The contribution of drinking water to the total 
intake of lead depends on the amount of lead in water, the 
amount of water consumed and the transfer of lead between 
food and water during cooking (DHSS, 1980). The major source 
of high lead concentration in drinking water is the 
dissolution of lead from leaded pipes, lead-soldered joints 
used in copper systems and similar soldering in water 
boilers for alimentary purposes, galvanised steel piping, 
lead paints inside water storage tanks and lead luting
compounds (Patterson, 1965; Ettinger, 1967; Beattie et al, 
1972; Goldberg and Beattie, 1972; Reed and Tolley, 1973; 
WHO, 1973; Stegavik, 1975; Wong and Berrang, 1976: Lyon and 
Lenihan, 1977; Moore, 1977; Burgmann et al, 1978).
Leaching of lead into water from plumbing systems can 
usually be attributed to either the hardness or the pH of 
the water supplies. It is known that soft, acid waters 
dissolve lead when it passes through the plumbing system 
(Christison, 1844; Weston, 1920; Moore, 1973; Pocock, 
1980a). To a lesser extent, some hard waters also dissolve 
lead, although it is not known at present why this should be 
so. When water treatment, such as chlorination, takes place
it tends to increase the acidity of water and acid waters
are more capable of dissolving lead from the distribution 
system (Moore, 1986).
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The concentration of lead in a sample of tap-water depends 
mainly on the chemical properties of the water, the length 
of lead pipe through which it passes ( P o c o c k ,  1980a) and the 
time it has stood in the pipes (Beattie et al., 1972; De 
Graeve et al, 1975; O ’Brien, 1976). The highest lead
concentrations occur in standing water first drawn from the 
tap and then decline after flushing (Thomas et al, 1979). 
The concentration of lead in the first flush is 
approximately 80% greater than the concentration for running 
water lead (Moore et al, 1979a). It is also influenced by 
how far and how quickly the tap is turned and by the 
temperature of the water and thus the season of the year 
(DHSS, 1980; Matthew, 1981; Moore, 1973, 1983).
The use of lead stearate as a stabilizer in polyvinyl 
plastic pipes results in some leaching of lead into the 
water (Heusghem and DeGraeve, 1973a; Sheftel, 1964; WHO,
1977) but this problem is minor when compared with leaching 
from leaded pipes (Packham, 1971).
Uptake of lead by vegetables from drinking water during 
cooking has been identified as an additional potential 
source of human exposure to lead (Heusghem and De Graeve, 
1973b; Berlin et al, 1977; Moore et al, 1979b; Smart et al,
1981). Cooking processes denature vegetable protein and thus 
make available various ligands (sulphydryl groups or 
cysteine and methionine, carboxyl groups and imidazole 
residues) within the denatured structure, which will bind 
lead. Conversely, beverages show diminished lead 
concentrations due to uptake by vegetable matter (tea leaves 
and coffee grounds) from the water (Moore et al, 1979b). The 
MAFF (unpublished results) estimated the contribution of
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lead in cooking water to total intake of lead from food in 
the UK. These studies were based on knowledge of lead intake 
from foods in the average diet. The proportion of lead in 
food is likely to be more than 15% when lead in water 
exceeds 100 ug/1, whereas is only about 3% with 
concentrations about the relatively common value of 20 ug/1. 
On the basis of the MAFF results, the DHSS (1980) concluded 
that the net effect for the average adult eating a typical 
British diet is approximately equivalent to drinking an 
extra 0.18 1/day of the same tap water.
The association between domestic water lead concentrations 
and blood lead concentrations has been studied in different 
countries (Bacon et al , 1967; Beattie et al, 1972. 1975;
Addis and Moore, 1974; Covell, 1975; Elwood et al, 1976, 
1983, 1984; Karalekas et al, 1976; Moore et al, 1977a,
1979a; Lauwervs et al, 1977; Drill et al. 1979; Thomas et
al , 1979, 1981; Morse et al, 1979; Pocock et al, 1983).
Several studies suggest a curvilinear relationship between 
water lead and blood lead (Moore et al, 1977a, 1979a, 1985; 
Thomas et al, 1979, 1981; Pocock et al, 1983; Sherlock et
al , 1982, 1984). The implicat ion of the curvilinear
relationship demonstrated by Sherlock et al, (1984) is that 
successive decreases in water lead concentrations will yield 
progressively larger decreases in blood lead concentrations, 
and that even relatively low concentrations of lead in water 
will have marked effect on the concentration of lead in 
biood. Lead in water has been associated with the
concentration of lead in teeth which is used as an 
integrated measure of extended lead exposure (Moore et al. 
1978; Moore, 1980a). Furthermore, studies have demonstrated
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the contribution of increased water lead concentrations to 
various health effects such as mental retardation (Beattie 
et al , 1975; Moore, 1977, 1980a; Moore et al, 1977a).
In 1970, WHO specified an upper acceptable limit, of lead in 
drinking water of 100 ug/1. except when lead piping is used. 
In this case, the concentration of lead should not exceed 
300 ug/1 after 16 hours of contact with the pipes. However 
in 1978, WHO re-examined this limit, basing their evaluation 
on the health hazards involved. They suggested that exposure 
is best shown bv the blood lead concentration and consider 
that a median blood lead level of 20 ug/dl should be the 
maximum acceptable limit. It was agreed that blood lead 
could be used as a measure of lead absorption into the non- 
skeletal or soft tissues of the body and a significant 
association between blood lead and the lead concentration of 
drinking water was recognised. They stated that the upper 
limit for water should be 50 ug/1. Additionally, they 
considered that the foetus, children and individuals with 
certain medical conditions involving increased water intake 
or renal dialysis, are the most vulnerable groups.
The EEC (1980) has also recommended a maximum admissible 
concentration of 50 ug/1 for lead in running water in non­
lead plumbed houses. It is also expected that where lead 
pipes are used, the lead content should not exceed 50 ug/1 
in a sample taken after flushing. If a sample is taken 
either directly or after flushing and the lead content 
either frequently or to an appreciable extent exceeds 100 
ug/1, suitable measures must be taken to reduce exposure to 
lead.
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In the United States the EPA (1979) has established a limit 
for lead in drinking water of 50 ug/1.
By hardening soft water, a significant fall of lead levels 
in water and blood can be achieved. A preliminary survey in 
Wisbech. East Anglia, which has very hard water (over 300 
mg/1 hardn,ess) showed much lower levels of blood lead at all 
levels of water lead, than in subjects living in areas in 
North Wales with soft water supplies (Thomas et al, 1981). 
In addition to the low blood lead levels in subjects exposed 
to relatively high water lead levels in the hard water area, 
subjects living in dwellings with negligible lead in their 
water supply also had low blood lead levels in the hard 
water area. These observations have been confirmed by Pocock 
et al (1983); Elwood et al (1984) and Gallacher et al 
(1983). This suggests that drinking and the use of hard 
water for cooking may reduce the absorption of lead from 
sources other than the water, such as from foods cooked in 
water.
2.5.4 Food
The contribution of food to man's exposure to lead has been 
under study for many years beginning with the work of Kehoe 
et al (1933) who found the metal in every item both in 
industrial and in primitive societies. The diet appears to 
be the most important source of lead for the general 
population and thus a major part of the baseline of exposure 
for urban children. For many centuries the daily diet was
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considerably contaminated with lead both from the vessels 
used for food preparation and by the practice of 
adulterating food (Mead, 1702; Baker, 1767; Accum. 1820; 
Mitchell, 1848; Hassall, 1855) as shown in Table 2.2.
Table 2.2 Early references to the contamination of 
foodstuffs by lead.
Source Use or Effect Reference
Lead from pipes C i der cont am i nat i on Mead (1702)
and vessels and rum Baker (1767)
Lead oxide Storage jars glaze Accum (1820)
Sweeten wine Accum (1820)
Clear cloudy white wine Accum (1820)
Colour cheese. Accum (1820)
Black lead Food colouring Mitchel 1 (1848)
Lead chrornate Improve colour, 
of mustard,cayenne pepper 
tumeric and snuff
Hassal1 (1855)
Lead carbonate 
and lead acetate
Colour sweets and cakes Hassal1 (1855)
In 1954, the Food Standards Committee reported that lead was
one of the most widespread and hazardous of the metal lie
contaminants in food and beverages. Lead in foods has
several origins.
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Some is absorbed from the soil by plants or deposited on 
plants from the air and transferred through the food chain 
to humans as a result of the natural weathering of lead-rich 
ores and minerals. Additional lead can reach plants from the 
fall-out from car exhaust emissions, the use of fossil 
fuels, lead smelting and mining operations or other 
industrial sources. Airborne lead from these sources may be 
deposited directly on food and crops or it may contaminate 
dust which may then be blown into food and crops or finally 
it may contaminate soil and be absorbed by plants used 
either as a primary food source or as fodder for animals. 
Some airborne lead may also be deposited and dissolved in 
water and thus be taken by fish and seafood (DHSS, 1980; 
NAS, 1980; DeMichele, 1984; Chau et al, 1984). As mentioned 
above, some vegetables also absorb lead from cooking water 
(Moore et al. 1979b).
Additional lead enters the food supply during food 
processing, largely from the lead solder in the seams of 
cans (Boyer and Johnson, 1982; Slorach and Jorhem, 1982: 
Jorhem and Slorach, 1987). Cans present two main sources of 
lead in food. Most is derived from the lead solder but, some 
lead may originate from the tin coating in which it be may 
present as an impurity, although this has been limited by 
the FAO standard (1986) not to contain more than 0.02-0.08% 
lead. Acidic foods tend to leach lead from such cans. Canned 
foods have been generally reported to contain about twice as 
much lead as fresh samples of the same foods (EPA, 1977) and 
it has been estimated that between 10 and 40% of dietary 
lead can come from cans. However, if the proportion of 
canned food in the total dietary intake rises from the 
average of 6.3% to 10% then the contribution could be as
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high as 60% (MAFF, 1983). It is for this reason that in 
Britain the Lead in Food Regulations 1961 laid down a 
general limit of 2 mg/kg lead in food, which was reduced to 
1 mg/kg in The Lead in Food Regulations 1979. A further 
change was made in 1985 by The Lead in Food (Amendment) 
Regulations in which the exceptional limit of 2 mg/kg for 
canned food was also reduced to 1 mg/kg. The maximum 
concentration of lead permitted in prepared food 
specifically intended for babies and young children is 200 
ug/kg (Lead in Food Regulations, 1979). This regulation has 
meant that manufacturers have had to use pure tin solder for 
canned foods. Lead is also added during food handling, 
packaging, preparation and shipping (Wolnik et al, 1983).
Domestic utensils and vessels used for food preparation and 
beverages can release substantial amounts of lead under 
certain circumstances. The hazard from lead contaminated 
vessels arises either during cooking, since foods will 
absorb lead from the cooking utensils or from prolonged 
storage of acid fluids such as vinegars, fruits, fruit 
juices, pickles and preserves (Shea, 1973; NAS, 1980; DHSS. 
1980). The fact that lead-glazed pottery may result in lead 
poisoning was recognised in antiquity (Gilfillan, 1965). 
Improper glazing results in the leaching of lead into the 
food, particularly when the contents are acidic (WHO, 1977). 
When the glaze has an improper mix of lead oxide and silica, 
or when the vessel has not been glazed at a sufficiently 
high temperature, some lead oxide is not converted into the 
lead silicate and remains (Maquis, 1971). Klein et al (1970) 
reported two cases (one fatal) in which apple juice was 
stored in the incriminated vessel for 3 days and contained
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1300 mg/1 of lead. In another case a ceramic mug was used 
for drinking cola, pH 2.7 (Harris and Elsea, 1967). After 
two hours standing in the mug, the lead level in the cola 
was 6.8 mg/1. Other cases have been reported from Yugoslavia 
(Beritic and Stahuljak, 1961), the United Kingdom (Whitehead 
and Prior, 1960), New Zealand (Hughes et al, 1976) Italy
(Loi et al, 1981; Antonini et al, 1989) and Mexico (Molina- 
Ballesteros et al, 1983).
The use of hand-crafted lead-glazed pottery is extremely 
popular among Arab populations. However, despite this 
widespread use, it was not until 1983 (Manor and Freundlich) 
that three Arab families with lead poisoning due to the use 
of lead-glazed earthenware utensils were discovered. 
Homemade or craft pottery and porcelain glazed vessels have 
been found to release large quantities of lead, particularly 
if the glaze is chipped, cracked or improperly applied 
(Osterud et al, 1973). Also, if pottery vessels are washed 
frequently even a properly fired glaze can deteriorate, 
releasing unsafe levels of previously adherent lead (Miller,
1982).
In 1973, the FDA implemented an administrative guideline of
7.0 ug/ml of leacliable lead from domestic and imported 
pottery. Subsequently, the level was reduced to 5.0 and 2.5 
ug/ml for small and large ceramic ware respectively (NAS, 
1980).
Lead intake in early infancy is dependent on the 
concentration of lead in breast milk if the infant is 
breast-fed or the concentration of lead in drinking water
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and formula powder if the infant is formula-fed. The 
concentrations of lead in milk, the main dietary constituent 
for infants. are of particular concern. Walker Cl980) 
reported that the concentration of lead in infant formula, 
evaporated milk and non-fat dry milk exceeds that of fresh 
cow’s milk and human breast milk. Similar observations were 
reported by others (Chatranon et al, 1978; Mitchell and
Aldous, 1974; Murthv and Rhea, 1971; Lamm and Rosen. 1974). 
The lead concentration ranged from 110 to 870 ug/1. The 
principal source of lead in these products is the lead 
solder used in the seams of cans (Miles, 1982).
In contrast, more recent studies by Haschke et al C1985) and 
Jelinek (1982) have shown lower lead concentrations in 
infant formula (20-27.5 ug/1) as a result of the improved 
regulations regarding handing and processing.
Breast-fed children will generally have very much less lead 
in their diet than bottle-fed children. The concentrations 
of lead found in breast milk are about 10% of the blood lead 
levels of the mother (Department of Environment. 1982; 
Sherlock et al, 1982; Moore et al. 1982; Moore, 1983). and 
is equivalent to an intake of 0.45 ug/kg/body weight/day. 
Normal human breast milk contains lead in concentrations of 
about 2-26 ug/1 (Murthy and Rhea, 1971; Lamm and Rosen, 
1974; Rockway et al, 1984; Casey, 1977; Dillon et al. 1974; 
Walker, 1980; Lamm et al 1973; Larsson et al 1981). Similar 
concentrations have been reported for cow’s milk (Hammond 
and Rosen, 1964; Walker, 1980). Recently a low lead level in 
breast milk (1.04 ug/1) was determined by Dabeka et al
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(1986) which strongly correlated with environmental and 
dietary factors. In his study, particular emphasis was 
placed on the sensitivity and accuracy of the analytical 
methods used. A study by Sternowsky and Wessolowski (1985) 
showed that breast milk in an urban population had higher 
values for lead (13.2 ug/1) when compared to a rural
population (9.1 ug/1) and colostrum milk had higher lead
values than mature milk due to the higher content of fat- 
soluble substances such as lead. In Southeast Asia where 
breast-feeding is considered as a very important source of 
infant nutrition, the concentration of lead in breast milk 
in heavily polluted areas ranges from 25-85 ug/1 (Chatranon 
et al, 1978; Haut et al, 1983). Although there appears to be 
a large range of lead values from all the studies cited, 
none of these values constitutes a health hazard to the 
breast-fed infant.
Another dietary source for infants and children is the 
prepared liquid and solid baby-foods. Murthy and Rhea (1971) 
showed that formulas containing soya flour and lamb meat 
products were high in lead. The WHO (1987) has recommended 
recently that the weekly dietary lead intake should not 
exceed 25 ug/kg body weight for infants and young children. 
The FDA assigned high priority to the reduction of lead in 
foods for infants because of their susceptibility to the 
toxic effects of lead. The FDA estimated that a child from 
birth to 2 years of age ingests on average about 100 ug/day 
of lead in food and water, and that a child aged 2 to 3 
years ingests about 150 ug/day (NAS, 1980). Today, many of 
the can manufacturers are switching from tin cans, with
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conventional lead-soldered side-seams, to those with welded 
seams and to aluminium or steel cans with no seams. It has 
been estimated that more than 25% of canned foods are in 
welded rather than soldered cans. Infant juices and pureed 
baby foods are now packed in glass containers instead of 
lead-soldered cans (Jelinek, 1982). This achieved a 
significant reductions in the lead levels in foods for both 
adults and infants as shown in Table 2.3 (Schaffner, 1981).
Table 2.3 Comparison of lead levels between foods for 
infants and young children in the 1970s and 
1980.
Type of food Lead levels in 1970s Lead levels in 1980
Cug/kg) (ug/kg)
Evaporated milk 520 80
Infant formula 100 20
Baby food juices* 300 15
Solid baby foods (glass) 150 30
Adult food (canned) 380 210
* Cans were used in 1970s, which were replaced by glass 
container in 1980.
A variety of methods are available for the estimation of 
dietary lead intake such as total diet studies, duplicate
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diet studies and dietary recall studies. Comprehensive 
reviews on the methods have recently been published (WHO. 
1985; Lindsay, 1986; NF, 1982).
Monitoring of lead levels in total diet samples and 
individual foodstuffs has been conducted by the Ministry of 
Agriculture and Fisheries and Food's Working Party since 
1974. The average lead intake for adults was in the range 
55-366 ug/day with the mean of 113 ug/day CMAFF, 1975). 
There was no report on total diet samples for infants and 
children but lead levels were measured in some individual 
infant foods. The mean concentration in canned baby food was 
< 70 ug/kg (range < 50-200 ug/kg). If a one-year-old baby 
consumes 1000 g food, therefore, a mean level of 50 ug/kg 
would give an intake of 50 ug/day (FA0/WH0, 1989). Recent 
studies b5r the MAFF (1989) have shown that the British 
dietary lead intake from food and beverages, excluding 
water, has dropped to 20-60 ug/day owing to the introduction 
of the new legislation mentioned above.
Attempts were made to measure the dietary lead intake in 
children up to 4 months of age using the duplicate diet 
method. The lead intake was 17 ug/day with a range of 6-99 
ug/day. This wide range of results was ascribed due to the 
different lead levels of water. The lead levels in 
dehydrated infant food ranged from 0.01-0.3 mg/kg with a 
mean level of 0.15 mg/kg (MAFF, 1975). Recently Smart et al 
(1988) estimated a mean dietary lead intake of 27 ug/day in 
pre-school children living in areas with contaminated water. 
Sharlock et al (1985) investigated dietary lead intake in
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three groups of children of different ethnic origin among 
immigrant families in London. The study groups were 
Caucasian, Asian vegetarian and Asian non-vegetarian 
children aged 2.5-5 years old. The estimated dietary lead 
intake was 16 ug/day for the Asian groups (both vegetarian 
and non-vegetarian) and 21 ug/day for the Caucasian group. 
This difference was due to the larger consumption of food 
and drinks by the Casucasian than the Asian groups. Several 
studies on dietary lead intake by children have been 
reported in other countries (Table 2.4). It was difficult to 
compare the results due to many factors such as type of 
study (total or duplicate diet), assumptions made about lead 
concentrations in foods where this was less than the limit 
of determination, type of food preparation, the inclusion or 
exclusion of lead intake from drinking water, and finally 
the accuracy of the analytical methods.
Table 2.4 Dietary lead intakes by children from different
countries.
Country Dietary Age References
intake (months)
(ug/day)
USA 15-82 0-60 Beloian (1985)
20-70 0-71 NF (1982)
Germany 10-48 0-12 Muller and Schmidt (1983)
Finland 49 36 Mykkanen et al (1986)
Austria 93 6 Haschke and Steffan (1981)
Netherlands 42 12-48 Reith et al (1974)
Poland 169 24-36 Olejnik et al (1982)
Switzerland 34 10 Erard et al (1982)
Canada 33-73 0-59 NF (1982)
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Dietary intakes of lead in adults have been reported from 
several countries. In Germany. it was 55-61 ug/dav ( K a m p e ,  
1983; Schumann, 1982), 60 ug/day (Mahaffey et al , 1975) and 
82-95 ug/day (Gartrell et al, 1985) in USA, 66 ug/day in 
Finland ( V a r o ,  1983) and 53.8 ug/day in Canada (Dabeka et 
al, 1987).
2.5.5 Lead-based paints
In the UK and in the USA, lead in paint represents a 
potentially highly important source of lead intake, 
especially for young children living in old houses. This is 
because such children exhibit the habit of pica. Pica for 
paint chips was identified as a major contributor to lead 
exposure early in this century (Strong, 1920; Ruddock, 
192-4). There are many mechanical and chemical reasons for 
using lead in paint. For inhibition of corrosion on steel 
structures and provision of coating capable of withstanding 
weathering, leaded paints are favoured for use in the
construction and engineering industries. The lead in such
paints comes from two sources; pigments such as red lead or
white lead used to colour the paint and as lead naphthenate 
and octoate used as driers in oil-based paints.
The association between childhood lead poisoning and 
ingestion of peeling chips of lead containing house paint is 
well recognized (Chislom, 1964; Barltrop and Killala. 1969; 
Guinee, 1972; Cohen et al, 1973; Simpson et al. 1973;
Barltrop et al, 1976; Hammond et al, 1980; Stark et al ,
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1982; Chislom et al, 1985; Clark et al , 1985; Rabinowitz et 
al, 1985b). Most studies have tried to correlate blood lead 
concentration with lead levels in paint in or around the 
houses. In some cases the correlation has been rather poor. 
But the failure to demonstrate a strong correlation does not 
mean that exposure to lead-based paint does not exist. 
Families living in inner cities move frequently from house 
to house, therefore, lead in a child's blood may reflect 
exposure in previous housing (Reece et al, 1972; Stark et 
al, 1978). Data from the CDC also show that 40 to 45% of 
children with confirmed elevated blood lead levels, occupy 
buildings that were inspected for lead-based paint hazards, 
but in which no hazard could be located (Hopkins and Houk, 
1976; Morbidity and Mortality Weekly Report, 1977). These 
findings indicate that lead paint is not the only source of 
exposure that contributes to the total body burden. However 
it is a factor which can not be neglected. Lead-paints not 
only pose a danger because of peeling flakes but also act as 
a source of house dust and garden soil contamination to 
which children are also exposed (Vostal et al, 1974; Bogden 
and Louria, 1975; WHO, 1977; Charney et al, 1980; Que-Hee et 
al, 1985).
Since 1963 an agreement has been reached between the 
Ministry of Health and the Paintmakers Association in the UK 
in which the manufacturers should label any paint containing 
more than 1% of lead in the dry film. At present, the 
Commission of European Communities by Directives and the 
British Government by agreements with the industry sets the 
limit of 1% lead in the dry film.
Although the hazard from lead in new paint has reduced 
substantially, there is still a potential hazard from lead
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paint used for exterior surfaces in places accessible to 
children. Painted toys, furniture and pencils are also 
potential hazards of special importance because of the 
extent to which they are normally chewed by children. A 
limit of 0.25% is now imposed on lead in paint applied to 
children's toys, whereas for paints used on pencils, pens 
brushes, the limit is 0.025% (DHSS, 1980).
As mentioned earlier, although the clinical hazard was well 
recognised by the mid 1920s, there was no regulation on the 
use of lead in house paint in the United States for another 
thirty years. In 1955, the paint industry adopted a 
voluntary standard that limited the lead content in paint 
for interior uses to no more than 1% by weight of the non­
volatile solids. Although the use and manufacture of 
interior lead-based paint declined dramatically after the 
1950s, exterior lead-based paint continued to be available 
until the mid-1970s and is still available for maritime use, 
farm and outdoor equipment, road strips and other special 
purposes. Thus the potential for domestic misuse of lead- 
based paint continues to exist (American Academy of 
Pediatrics, 1987).
With the passage of the Lead-Based Paint Poisoning 
Prevention Act, a grant programme was established in 1971 by 
the USA Federal Government to assist communities in 
screening young children living in high risk areas, for 
undue lead absorption and to inspect and correct housing 
units with lead paint hazards. From July 1972 to June 1975, 
78,785 units of habitation for children were inspected for 
the presence of excess lead-based paint in the interior. Of 
the inspected units, 60.9% were found to contain lead-based
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paint on at least one surface accessible to a child (Hopkins 
and Houk, 1976). A 1978 survey found that 8 million of the
27 million occupied housing units in the United States had 
been built before 1940. when leaded paint was in common use. 
An additional 22 million housing units were built between 
1940 and 1960, and 75% of these units were estimated to 
contain leaded paint (Lin Fu, 1982). This suggest that old 
paint with a high lead content continues to be a potential 
hazard for children. A voluntary decrease in the lead 
content of interior paint was encouraged prior to 1977. when 
a regulation of the Consumer Product Safety Commission was 
introduced to limit paint and other similar surface-coating 
materials to no more than 0.06% lead when they are used on 
house walls, toys, furniture and other articles intended for 
use by children.
Although paints sold today must bv law. contain less than 
0.06% lead, many buildings especially those built before 
1950 still contain lead-based paints on interior and 
exterior walls, window sills and other surfaces accessible 
to children. However, there is a general lack of knowledge 
of how widespread old-lead painted surfaces are. Preventing 
children from ingesting some of that paint remains a 
critical element in the control of exposure of urban 
children to lead.
2.5.6 Occupational sources
There are a number of industries where the use of lead gives 
rise to substantial exposure of individuals in the workplace
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(Hinton et al, 1984;Neri et al , 1983; WHO, 1977; Popovac et 
al, 1982: Lilis et al, 1977. 1984; Rsmakrishna et al, 1982;
Tsuchiya and Harashima, 1965; Tola, 1974; Roberts et al, 
1974; Valciukas et al, 1978a; Dolcourt et al, 1981; Pegues, 
1960; Rieke, 1969; Dossing and Paulev, 1983; Campbell and 
Braid, 1977; Stankovic, 1971; Jensen and Laxen, 1985; Linch 
et al, 1970; HM Chief Inspector of Factories, 1973; Davies,
1984; Sakurai et al, 1974; Goldman et al, 1987). In 1973,
Hernberg classified high risk and moderate risk operations 
as shown i n Tab1e 2.5.
An area of special concern has been recent evidence 
documenting lead brought into the house as dust on workers’ 
shoes, clothing and body that can contaminate the home 
environment, resulting in elevated blood lead levels in 
workers’ children. Parental occupational exposure to lead as 
a cause of elevated blood lead levels in their children was 
first demonstrated in battery workers in 1976 (Baker et al ,
1977). Similar observations were made by others (Elwood et 
al . 1977; Dolcourt et al, 1978; Watson et al, 1978; Rice et 
al , 1978 ; Morton et al, 1982: Katagiri et al, 1983; Kawai et 
al , 1983 ; Kaye et al, 1987).
In recent years the incidence of lead exposure at work has 
decreased substantially due to the implementation of strict 
regulations to protect workers in the industries involved. 
Also, workers are more aware of the danger of lead and know 
how to handle the problem. In the UK, the Health and Safety 
Commission (1985) has proposed that employers will be 
required to provide information, instruction and training to 
employees and to fulfil a considerable range of requirements 
relating to the provision of process controls. They will
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Table 2.5 Relative hazard of lead poisoning in some 
occupations or operations.
High hazard
(1) Primary and secondary lead smelting
(2) Welding and cutting of lead-painted metal construction
(3) Welding of galvanised or zinc coated sheets
(4) Shipbreaking
(5) Nonferrous foundries
(6) Storage battery manufacture: pasting, assembling, 
welding of battery connectors
(7) Production of lead paints
(8) Spray painting
(9) Mixing of lead stabilisers into poly(vinylchloride) by 
hand
(10) Mixing of crystal glass mass bv hand
(11) Sanding or scraping of lead paint
(12) Burning of lead enamelling workshops
(13) Repair of automobile radiators
Moderate or low hazard
(1) Lead mining
(2) Plumbing
(3) Cable making
(4) Wire patenting
(5) Lead casting
(6) Type founding in printing shop
(7) Sterotype setting
(8) Assembling of cars
(9) Automobile repair
(10) Shot making
(11) Welding (occasionally)
(12) Lead glass blowing
(13) Pottery/glass making
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have to provide respiratory protective equipment if 
industrial hygiene standards are exceeded, protective 
clothing, routine air monitoring, prohibition of eating, 
drinking and smoking in the workplace, works cleansing and 
washing facilities for the workforce. If lead exposure is 
considered significant, then both lead-in-air monitoring and 
medical surveillance of workforce is required. The standard 
for lead-in-air over an 8-hour time period weighted average 
concentration is 150 ug/m^ except for tetraethyllead where 
the standard is 100 ug/m^.
Between 1971 and 1978, the USA Occupational Safety and 
Health Administration COSHA) reduced the permissible 
exposure limit from 200 to 50 ug/m^ for lead based on five 
8-hour working days. 0SHA predicts that compliance with an 
air lead standard of 50 ug/m3 will result in a mean blood 
lead level in a population of approximately 35 ug/dl (Corn, 
1976: Federal Register, 1978). Hickey (1983) calculated the 
permissible exposure limit on the basis of unusual work 
schedules. He suggested that exposure limits for lead, which 
is a cumulative hazard, should be based on periods longer 
than one day.
2.5.7 Other sources
Other than the obvious exposure to lead associated with its 
production and use by industry there are large numbers of 
other potential environmental sources of lead, some of which 
might have been suspected and others unsuspected. A variety 
of folk remedies used to treat gastrointestinal ailments may 
contain lead. Recent reports have been noted lead-poisoning 
from the use of Azarcon (lead tetroxide) for relief of
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abdominal symptoms (CDC, 1981, 1982; Bose et al, 1983; Baer 
et al, 1988, 1989; Cueto et al, 1989) and Greta (lead
monoxide) among Mexican-Americans and from the use of Pay- 
loo-ah, a Chinese folk remedy (CDC, 1983a,b), among Hmong 
refugee children from Laos and from the use of Chinese 
herbal medications (Lightfoot et al, 1977) among adults.
Lead and opium pills were listed in the British Pharmacopeia 
as a treatment for diarrhoea. These contained 1.6 grains 
lead acetate and 0.08 grains opium. The availability of 
these compounds led to an incident of acute lead poisoning 
in a group of drug addicts in Glasgow (Beattie et a l , 1977,
1979).
A number of unlicensed traditional Indian medicinal products 
contain lead. Poisoning has also been reported from the use 
of purported aphrodisiacs containing lead (Brealey and 
Forsythe, 1978). A number of other medicines from the Indian 
sub-continent, which contain large amounts of lead and other 
heavy metals, were found by Aslam et al (1979). Lead 
exposure has also been linked with the use of lead nipple 
shields by nursing mothers (Wilcox and Caffey, 1926) and 
lead-containing ointments (Holt, 1923).
Recently, other unusual sources have been shown to 
participate in lead toxicity. These include eye cosmetics 
(Khol and Surmas) which are applied to the conjunctival 
margins of the eyes of adults as well as children and 
infants, and some hair-darkening products. Kh'o.ls or Surmas 
were originally formulated from antimony sulphides but 
because of economic constraints they are now commonly made
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of lead sulphide. These compounds are described as being 
white, grey or black where the grey and black forms are 
likely to contain a proportion of lead as high as 83% (DHSS,
1980). Ingestion of lead from Khol or Surma may occur from 
contaminated fingers of children (DHSS, 1980). The use of 
Khol or Surma by Asian communities can be tracked back many 
centuries as they believe these materials strengthen and 
protect the eyes against disease and improve appearance 
(Aslam et al, 1979). Some Asian Moslems have the custom of 
placing a small dot of the material on the forehead of the 
child and tie a black string around his wrist to ward off 
the "evil-eye" (Aslam et al, 1979). Tiro, which contains 
50.1% (w/w) of lead, is used as an eye cleaner and cosmetic 
applied on the outer eyelids by the Nigerian population 
(Healy et al, 1984). A number of lead poisoning cases have 
been found in the Asian communities in Britain (Warley et 
al, 1968 a,b; Betts et al, 1973; Snodgrass et al, 1973;
Pearl, 1977; Josephs, 1977; Ali et al, 1978; Green et al , 
1979; Waldron, 1979; Aslam et al, 1980; Taylor et al, 1985a) 
and in Japan and USA where some face cosmetics can contain 
up to 67% lead (Kato, 1932; Byers, 1959). As mentioned 
earlier, lead poisoning was reported from Arab countries 
owing to the use of Khol and other traditional remedies 
(Rahman et al, 1986; Shaltout et al, 1981, 1985, 1989).
Some hair-darkening products (dyes) contain lead acetate in 
concentrations ranging from 0.26-3.13%. Soluble lead 
compounds, such as its acetate, form dark grey to black 
insoluble lead-sulphur compounds when in contact with 
biological materials. The lead acetate enters the complex
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structure of the hair shaft and in combination with sulphur- 
containing residues on the amino acids of the hair keratin 
results in the darkening of the shaft (Moore, 1986). Recent 
studies have been made of the ability of lead dyes to 
penetrate human skin. Although Marzulli et al (1978) found 
some lead absorption Moore et al (1980a) concluded the 
potential hazard of the use of hair dyes is insignificant 
since the absorption of lead through the skin was 
essentially zero.
In the UK, the Cosmetic Products Regulations 1978 prohibited 
the sale of lead-containing cosmetics, and also restricted 
the use of lead acetate in hair dye products to a maximum 
concentration of 3% and require the following instructions 
to be given to users: "wash hands after use, do not use on 
broken or abraded skin, keep out of reach of children".
Another source of environmental lead exposure which is not 
widely publicized may be lead-based or lead-contaminated 
printing inks. Books, playing cards, comics, and magazines 
are tempting, readily available targets to children prone to 
the pica habit. In 1975 Eaton et al, found that 20 of 48 
United Kingdom comics had lead levels above 500 ug/g with a 
maximum at 6000 ug/g. Hankin et al (1973) discovered three 
children with lead-poisoning due to the habit of chewing 
newspapers in which the lead content of the newsprint was as 
high as 3600 ug/g on pages containing multicoloured 
advertisements. Subsequent investigations by the same 
authors showed that printed polyethylene bags and wrappers 
used for foods could be similarly contaminated with lead 
salts (Hankin et al, 1974 a,b). The fabrication of spitballs
'i
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from coloured pages (paper is deliberately and repeatedly 
taken into the mouth and serves as an abundant source of raw 
material) are more hazardous to health (Joselow and Bogden,
1974). They found that the green. red or yellow areas may 
easily contribute more than 100 ug lead per spitball. Sohler 
and Pfeiffer (1977) reported that the amount of lead varies 
markedly from one publication to another, due to the 
particular ink and printing process used. Lead was found in 
vellow. red, blue and black inks. In an in vit.ro laboratory7 1
study of the extractabi1ity of lead from printed paper,
Bogden et al (1975) found that lead was not extracted from
printed paper at pH values in the range of human saliva (6.4 
to 8.2). Therefore, children who chew printed paper may not 
be in danger of absorbing lead, but the pica-prone child who 
swallows printed paper will be at risk of absorbing 
excessive amounts of lead. It was shown that 200 ug of lead 
could be extracted from printed paper at pH values in the 
range of human gastric fluid (0.9 to 1.7).
Smoking is thought to also in increase lead exposure. 
Tobacco, like other plants contains some lead absorbed from 
the soil, and may also have lead deposited on the.surface of 
the leaves. The widespread use of lead arsenate as a 
pesticide on tobacco crops have contaminated tobacco
products with both lead and arsenic in the past. Since the 
late 1940s, in the USA, lead arsenate has gradually been 
replaced by organic pesticides and by 1975 no production or 
use of this compound was reported. However, residual lead in 
the soil from historic applications and from atmospheric
deposition remains a potential source of lead in domestic
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tobacco products (NAS, 1980). Several studies have shown 
that smoking does significantly contribute to blood lead 
concentrations (McLaughlin and Stopps, 1973; Zielhuis et al, 
1977; Grandjean et al, 1981; Shaper et al, 1982; McIntosh et 
al, 1982; Elinder et al, 1983; Pocock et al, 1983). The 
actual concentration of lead in tobacco itself is extremely 
variable having been reported as between 21 and 84 
ug/cigarette. It has been estimated that the direct 
inhalation intake of lead from smoking 20 cigarettes a day 
would lie between 1 and 5 ug (WHO, 1977).
Some investigators have reported increased cord blood lead 
levels associated with maternal cigarette smoking (Needleman 
et al, 1984; Rabinowitz and Needleman, 1984; Ernhart et al ,
1985a). Smith et al (1983) reported that maternal smoking is 
associated with elevated lead levels in dentine of 6-year
old children. Some studies have used serum thiocyanate as an
alternative measure of smoke exposure and it has been
identified as an index of passive (Bottoms et al, 1982) and 
active smoking (Merberg et al, 1979; Hauth et al, 1984) in 
several reports.
Lead-poisoning due to ingestion of lead in alcoholic 
beverages has been recognized since antiquity and was 
discussed above (Section 2.4). This practice continued into 
the Middle Ages even after the discovery of the aetiology of 
the lead colic by Glockel (Eisinger, 1977). Legislation, 
such as that of Wurtemberg in 1696, which included the death 
penalty attempted to control this but was hampered by
inadequate diagnosis and analysis.
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Illegally distilled whiskey (Moonshine) in the USA and in 
many other parts of the world often contains lead due to the 
methods of construction of the stills and the composition of 
the mash used in alcoholic fermentation. Those stills may be 
made of leaded pipes or disused car radiators which have 
large quantities of lead solder. Acetic acid in the mash 
reacts to form soluble lead acetate which passes with the 
"white lightning" (distillate) from the still (Patterson and 
Jernigan, 1969). In the early years of the colonies in 
America, colic called the "dry gripes" was described and was 
eventually associated with rum condensed in lead stills 
(McCord, 1953b). Sandstead et al (1970a) indicate that over 
30% of moonshine whiskey contained lead in excess of 1000 
ug/1. Conventional alcoholic beverages have much lower lead 
concentrations. Wines have variable lead concentrations, but 
have been estimated to contain around 250 ug/1 in French 
wines, with much higher levels in Italian and Hungarian 
wines (Jaulmes et al, 1960; Nagy et al, 1976). . Several
investigators have shown that the blood lead concentrations 
of alcoholic subjects are higher than those of normal 
subjects (Vives et al, 1980; Grandjean et al, 1981; Shaper
et al, 1982; Elinder et al, 1983). There are two reasons for 
the association of lead and alcohol. Firstly, some alcoholic 
beverages have increased concentrations of lead in them and 
secondly, ethanol consumption appears to enhance lead 
absorption. Increased lead absorption may well be related to 
a number of features of alcoholism, not the least of which 
is a metabolic acidosis combined with poor nutrition which 
has been linked with increased gastrointestinal absorption 
of lead.
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As with smoking, alcohol consumption is thought to play a 
part in increased lead exposure in pregnant women. The 
ingestion of illegally produced alcohol may be responsible 
for foetal and neonatal abnormalities ( P a l m i s a n o  et al , 
1969). Studies of human foetal effects (Needleman et al, 
1984; Rabinowitz and Needleman, 1984; Ernhart et al, 1985a) 
showed that alcohol exposure contributed to maternal and 
cord blood lead levels.
Additional lead sources include certain hobbies such as 
making jewellery (Behari et al , 1983; Ramakrishna and
Ponnampalam, 1982) and artwork with stained glass and 
ceramics, use of lead foil on wine bottles (Marks and 
Taylor, 1987). Cases of lead-poisoning have been reported 
from a West Bank Arab village due to the contamination of 
homemade flour with lead used for stabilising the metal 
parts of stone mills (Hershko et al, 1984).
Another unsuspected source of lead exposure was identified 
by Heichel et al (1974), although the relative quantities of 
transfer would be small. He showed that newspaper in garden 
mulch or feed given to ruminants may introduce lead into the 
human foodchain. Also, the use of sewage sludge as 
fertiliser and lead arsenate as insecticide may result in 
some contamination of crops by lead (DHSS, 1980). Cases of 
deliberate self-administration of lead were reported by 
Taylor et al (1985b).
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2.6 LEAD METABOLISM
2.6.1 Absorpt i on
Lead may be absorbed into the body by ingestion, inhalation 
(Chamberlain et al, 1975) or through the skin (Rastozi, 
1976). The absorption of lead from different sources is 
dependent on many factors, such as amount of lead presented 
to portals of entry per unit time and the physical and 
chemical states in which lead is presented (WHO, 1977). It 
is also influenced by factors such as age and physiological 
status. For most individuals the major route of absorption 
is the gastrointestinal tract. Different parts of the 
gastrointestinal tract will obviously have different levels 
of lead absorption and studies in vitro have shown that 
jejunal absorption is much greater than that of the duodenum 
or colon from rats (Gerber and Deroo, 1975). Animal and 
human studies have shown that a number of nutrients 
influence gastrointestinal absorption of lead (Mahaffey,
1981) as shown in Table 2.6.
Studies of ingested lead indicate that no more than about 
10% is absorbed from the gastrointestinal tract (Kehoe, 
1961; Rabinowtiz et al, 1974) and that most passes out in
the faeces. Intestinal absorption of lead by children is 
much greater than in the adults. Ethical considerations 
contradict intentional experimental determination of lead 
uptake in children. However, in balance studies with infants 
and young children, gastrointestinal absorption of lead has 
been estimated at 53% and 42% by Alexander et al (1973) and 
Ziegler et al (1978) respectively. Similar influences of age
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Table 2.6 Published data on nutrients that influence 
gastrointestinal absorption of lead.
Nutrient Effect References
Calcium Inhibition Mahaffey-Six and Gover. 1970;
Mahaffey and Goyer. 1973: 
Mahaffey, 1974; Mahaffey et al, 
1973; Mahaffey et al, 1976; 
Meredith et al 1977a: Sorrell 
et al.1977; Barton et al, 1978a 
Iron Inhibition Mahaffey-Six and Gover. 1972:
Ragan.1977; Barton et al, 1978b; 
Flanagan et al, 1979; Mahaffey 
and Michaelson. 1980; Parsad, 
1980; Cerklewski, 1980; Watson 
et al , 1980a
Zinc Inhibition Cerklewski and Forbes. 1976;
Conrad and Barton. 1978; El- 
Gazzar et al, 1978; Bushnell and 
Levin, 1983
Phosphorus Inhibition Shields and Mitchell. 1941;
Ouaterman and Morrison. 1975: 
Barltrop and Khoo. 1976:
Mahaffey et al, 1976 
Vitamin D Stimulation Sobel et al. 1940; Smith et al.
1978
Magnesium Inhibition Fine et al. 1976; Singh et al,
1979; Cerklewski, 1983 
Copper Inhibition Klauder and Petering. 1975
Fat & protein Stimulation Barltrop and Khoo, 1975. 1976;
Clow or high') DeLuca et al . 1982; Baernstein
and Grand, 1942
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have been reported in animals (Kello and Kostial. 1973; 
Ziegler et al , 197S; Kostial et. al . 1971. 1974, 1979: Forbes 
and Reina, 1972: Quaterman and Morrison, 1978: Mykkanen and 
Wasserman. 1981). Such studies showed that the absorption of 
dietary lead by infants rats is very high (50%) and falls 
rapidly after weaning. Other studies with adult animals 
indicate a range of absorbed lead of between 1 and 10% 
(Buddie. 1982).
These findings have been interpreted as reflecting a 
characteristic of the immature gut which is to be highly 
permeable to a great many dietary compounds. In addition, 
the growing chi1d ’s demand f or essent ia1 minera1s .
particularly calcium. for incorporation into bone. far
exceeds that of the adult; thus mineral absorption in 
general is enhanced in young children (Bushnell and Jaeger. 
1986). Nutritional iron deficiency enhances lead toxicity, 
thereby giving concern that pregnant women and young 
children may be more susceptible to lead toxicity. Also 
vitamin D stimulates lead absorption (Sobel et al. 1940;
Smith et al. 1978). However, it has been found that in lead- 
burdened children a relative vitamin D deficiency rather 
than an excess is associated with high blood lead levels 
(Sorrell et al. 1977; Rosen et al. 1980; Box et al, 1981;
Mahaffey et al, 1982a).
Diets that contain moderate or normal amounts of protein 
have shown to be the most beneficial in terms of 
susceptibility to lead toxicity. Since low or high protein 
diets increase the severity of lead toxicity (Baernstein and 
Grand, 1942; Barltrop and Khoo, 1975).
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A similar picture exists for dietary fat (Barltrop and Khoo, 
1975). Therefore, an appropriate diet can increase 
resistance to lead toxicity as it will reduce the 
accumulation of lead rather than treat it.
It is important to emphasize that absorption of lead from 
different sources depends on the chemical form of lead, its 
particle size and its solubility in gastric, fluids. Larger 
particles are less easily absorbed by the gut than particles 
of less than 6 um (Barltrop and Meek, 1979). The chemical 
form of lead presented to the pathway of entry simply limits 
the efficiency of entry and. once absorbed, all forms of 
lead behave in a similar fashion. Only the alkyl lead 
compounds, mainly tetraethyllead and tetramethy1 lead are 
known to behave differently. These lipophilic agents are 
absorbed more efficiently than other forms of lead and are 
distributed in the body in a unique manner which causes 
toxic effects quite unlike those seen with inorganic lead 
(Hammond, 1982).
The second major route of absorption is the respiratory 
system. The extent of lead absorption from inhaled particles 
will vary depending on the total lead concentration, 
particle size distribution, particle shape. chemical 
composition, physicochemical properties of the form of lead 
involved and respiratory volume (WHO, 1977). Pulmonary 
deposition and absorption of lead from ambient air has been 
studied by a number of investigators. Absorption appears to 
be influenced by particle size (mass median equivalent 
diameter). Absorption of inhaled lead is difficult to 
quantitate since some airborne lead is present in the
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vapour-phase and some in a fine particulate form. Some of 
the particulate forms may be swept out of the respiratory 
tract and swallowed which would then add to lead absorbed 
from the gastrointestinal tract. In most situations, the 
contribution of airborne lead to the total amount of the 
metal absorbed is probably small (Boeckx, 1986).
In 1966. the ICRP Task Group on Lung Dynamics developed a 
model to describe the fractional deposition that wTould occur 
in the human airway. Lead particles in the general ambient 
air have an aerodynamic diameter of approximately 0.1-1.0 
um, and the predicted deposition in the airways is about 
35%. The model also predicted that regional deposition would 
be mainly in the alveolar bed and in the deeper regions of 
the tracheobronchial system. Furthermore, it. predicted that 
fractional deposition of lead dusts generated in industrial 
areas would be greater than for lead in the normal 
atmosphere; however. due to the larger particle size the 
depos i t ion wouId be mainly in t he nasophyarynx rat her t han 
in the pulmonary bed or tracheobronchial region. Aerosols 
encountered in many areas of industrial exposure consist of 
lead oxide, which may range from aerodynamic diameters of 
less than 1 um to several hundred micrometers. By contrast, 
the lead aerosol in ambient air attributable to motor 
exhaust fumes is a complex mixture mainly of sulphate, 
carbonate, halides, and oxides (Ter Haar and Bayard. 1971). 
which are more uniformly in the respirable range (<1 um) 
than in industrial air (Robinson and Ludwig, 1967; Lee et 
al, 1968; Mueller. 1970).
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Studies of total airway deposition of lead aroesols in
adults have been reported. Kehoe C1961) reported a 
deposition of 34-46% for lead (III) oxide particles with an 
average diameter of 0.9-2.9 um. A high deposition was 
observed by Nozaki (1966) ranging from 42.5-63.2% for 10 
respirations per minute (1350 ml tidal air) with a 
particulate diameter of 1.0 um and from 21-35% for 30 
respirations per minute (450 ml tidal air) were the diameter 
was 0.05 um. A study by Muir and Davies (1967) indicated 
that deposition of only 6-16% depending on the rate and 
depth of respiration. For example, Hursh et al (1969) found 
that less than 8% of 212 pt, absorbed on natural room 
aerosols was deposited in the tracheobronchial tree compared 
to the total deposition of 14-45%.
People exposed to lead in the air close to motorways, where 
the particles were about 0.03 um in diameter, had about 60% 
deposition in the respiratory tract (Chamberlain et al,
1978). A recent study by Marrow et al (1980) found 
deposition of approximately 25% after exposure to particles 
with a mass median aerodynamic diameter of 0.25 um. Based on 
the available data it seems reasonable to conclude that the 
rate of deposition of airborne lead in the general
population is approximately 25-60% depending on particle
size and ventilation rate.
Overall deposition values are not sufficient in themselves 
to assess the contribution of inhaled lead particles to the 
body burden. Lung clearance as well as regional deposition 
must be taken into account.
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Lung clearance depends on the site of airway deposition and 
on the solubility and chemical composition of lead. 
Chamberlain et al (1978) monitored the removal of ^03pb fr0nr 
the lung by external gamma-ray counting and also measured 
the entry into the blood by analysing sequential venous 
blood samples. About 20% of the lung burden was absorbed 
within 1 hour and 70% within 10 hours. This was due to the 
chemical form of aerosol which to some extent affected the 
time scale. However, in all cases, 90% of the lung burden 
was removed within 4 days. Comparing 203pb jn blood 1 to 2 
days after inhalation and intravenous injection, about 55% 
of the dose became attached to the red blood cells. In vitro 
and animal studies indicate that high lead concentrations in 
air may damage the phagocytic clearance mechanism and other 
lung defence mechanisms (Beck et al. 1973; Bruch et al.
1973, 1976). An estimate has been made of the relationship 
of ambient air lead to total intake. Azer et al (1973) 
estimated the contribution of airborne lead to blood lead 
and found that for every 1 ug/m^ airborne lead inhaled, 
blood lead increased by 1-2 ug/dl. This estimate was 
imprecise owing to the large variation in individual 
susceptibility and other sources of lead such as diet. No 
measurements have been reported on the proportional 
deposition of lead aerosols in the lungs of children because 
of ethical considerations. The airways in young children are 
smaller and their respiratory rate is greater than in adults 
(DHSS, 1980) because of their greater oxygen demand. 
However, for a ten-vear-old child the percentage retention 
of small particles in the air will be greater than that in
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adults, 70% of inhaled lead will be deposited in the 
respiratory tract and virtually all will be absorbed (DHSS,
1980). Childhood exposure to alkyllead is insignificant 
except among those who inhale leaded petrol for its euphoric 
effect (Boeckx et al, 1977).
Unlike inorganic lead compounds, lipid-soluble compounds 
such as tetraethyllead and lead naphthenate, penetrate the 
skin to a significant degree (Lang and Kunze, 1948; Hine et 
al, 1969). However, a recent study by Florence et al (1988) 
appeared to show that inorganic lead was absorbed through 
the skin and rapidly distributed throughout the body. Raised 
sweat lead concentrations were found within 2 hours of lead 
application. No increased blood and urine lead was found, 
whereas saliva lead increased by a similar magnitude as that 
in sweat. The authors suggested that lead absorption through 
the skin is different from gastrointestinal lead absorption 
with lead transported first into the plasma and rapidly 
concentrated into the extracellular fluid pool of sweat and 
saliva without significant uptake by erythrocytes. Further 
studies are needed to supported this observation. Dermal 
absorption of organic lead compounds is usually associated 
with occupational exposure and is not relevant to the urban 
ch i1d popu1at i on.
2.6.2 Distribution and retention
Linear compartmental models for lead distribution and 
retention in man have been developed by several authors
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(Rabinowitz et al, 1976; Bernard. 1977; Batschelet, 1979; 
Marcus. 1985 a,b,c). The model most commonly relied on is
that proposed by Rabinowitz et al (1976) which uses three 
compartments which are considered to approximate to blood, 
soft tissues and skeleton.
Blood contains lead in a non-diffusible form bound to 
erythrocytes and in a diffusible form in plasma. Plasma 
occupies a central position in the distribution equilibrium 
and would be expected to reflect the concentration of lead 
in all the body tissues. Cavalleri et al (1978a) suggested 
that plasma contains the pool which represents the more 
biologically active fraction of lead. These workers proposed 
that the lead content of plasma is constant and represents 
about 3% of that in whole blood. Plasma lead concentration 
rises progressively with increases in whole blood lead. 
Because it. is the most rapidly exchangeable fraction it is 
likely to be in dynamic equilibrium with intestinal fluid 
and with the extravascular medium, thus coming into direct 
contact with tissue cells. A similar study by DeSilva (1981) 
was carried out using an almost identical technique but with 
the importance difference that blood was collected with 
heparin rather than EDTA as anticoagulant. Plasma lead 
concentration was found to increase in parallel with the 
erythrocyte lead concentration, but the mean equilibrium 
ratio between the two was much lower (about 0.74%) compared 
with the results of Cavalleri et al (1978a). DeSilva 
attributed this difference to the use of heparin instead of 
EDTA, He suggested that it is impossible to collect blood in 
EDTA tubes and separate plasma from the red cells without
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significant movement of lead from the red cells to plasma. 
The concentration of lead in plasma when blood is collected 
in EDTA-containing tubes is about twice that when collected 
in heparinised tubes even when the blood is centrifuged with 
as little delay as possible. The extent of this increase in 
lead probably also depends on the exact amount of blood 
added to the tubes, as variation in EDTA concentration would 
affect the elution rate.
There is a further rapid redistribution of the lead between 
blood, extracellular fluid and other storage sites such that 
within a few minutes of absorption only about half of the 
lead is found in the blood. The storage sites for lead are 
probably in soft tissue and in the skeleton but it is the 
lead in soft tissues and blood that is associated with most 
of the biological effects.
Lead absorbed into the body, whether by oral ingestion or by 
inhalation, enters the bloodstream where most of it rapidly 
becomes attached to red blood cells or is transported to 
soft tissues where the half-life is fairly short. 
Subsequently, it is transferred to bone where the reservoir 
is large with long half-life. The residence time (i.e. the 
average interval between input and removal for lead in a 
specific physiological reservoir) of lead in blood and soft 
tissue is about 4 to 6 weeks, while the residence time of 
lead in bones appears to be about three decades CNAS, 1980). 
In the absence of significant previous exposure, lead within 
red blood cells was found to be bound primarily to 
haemoglobin (Bruenger et al, 1973). This uptake by
erythrocytes can be inhibited by iron (Kaplan et al. 1976). 
Further studies by Raghavan and Gonick (1977) and Raghavan
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et al (1980) demonstrated that 30-40% of lead in red blood 
cells of industrially-exposed individuals is bound to a 
protein of 10,000 daltons. Raghavan et al (1980) suggested 
that workers who have a low capacity to synthesise this 
lead-binding protein have an increased risk of developing 
lead toxicity because of lead redistribution to erythrocyte 
fractions that contain critical lead-sensitive enzymes. A 
'subsequent study by Raghavan et al (1981) demonstrated: (i) 
that lead bound to the red cell membranes of lead- exposed 
workers inhibits the activity of membrane Na.K-ATPase, and
(ii) the presence of a highly significant inverse 
correlation between the enzyme activity and the fraction of 
lead in the membrane compartment. On the basis of these 
findings he suggested that the primary determinant of lead 
toxicity in a given cell is the distribution of lead among 
non-toxic binding proteins and compartments that contain 
susceptible enzyme systems. The results have been confirmed 
by Lolin and 0 ’Gorman (1988).
The concentrations of lead in human tissues have been 
examined carefully by a number of authors. The most 
extensive studies were carried out by Barry (1975, 1981) who 
measured the concentrations of lead in the tissues of adults 
and children in post-mortem studies. Similar work was 
carried out by Schroeder and Tipton (1968) and Gross et al 
(1975). Also, lead is bound to intracellular organelles 
(Barltrop et al, 1971: Moore. 1975) and some investigators
have suggested a preference for binding to mitochondria 
(Castellino and Aloj. 1969). Among the non-skeletal organs 
of the body greatest percentage of lead is taken into the 
kidney, followed by the liver and the other soft tissues
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such as heart and brain (Moore. 1986) but the lead in the 
skeleton represents the major body fraction. Within the 
skeleton, lead is incorporated into the mineral place in 
place of calcium. There it accounts for about 9-4 to 95% of 
the total body burden in adults and about 70% in young 
children, (Barry and Mossman. 1970; Barry. 1975; Schroeder
and Tipton, 1968; Aufderheide et al, 1981: NAS. 1980).
In the growing child, deposition of lead occurs principally 
seen in the metaphyses of long bones particularly in regions 
where there is accelerated growth i.e. the knee, ankle and 
wrist (Watson et al, 1980b).
There is a steady accumulation of lead in bone throughout 
life and the amount deposited to long-term storage increases 
with greater absorption of lead. Concentrations of lead in 
bone greatly exceed those in soft tissues and are highest in 
dense bone. Bone lead concentrations increase with age in 
both sexes. particularly in male, presumably because men 
have greater exposure to the metal. This is in contrast to 
the soft tissues, where concentrations do not increase with 
age in either sex after the second decade of life (Barry. 
1975; Poklis and Freimuth. 1976). This is also true for lead 
in whole blood (US Department of Health. Education and 
Welfare. 1965: Horiuchi and Takada, 1954) and blood serum
(Butt et al. 1964). Thus, the skeletal compartment reflects 
exposure and long-term accumulation, whereas the body fluids 
and soft tissues, which equilibrate rapidly, reflect current 
and recent exposure. Lead in bone is relatively inactive 
physiologically but may be released from the skeleton into 
the blood under certain conditions of stress. For example, 
physical injury resulting in sudden restriction of activity
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causes decalcification of bone which may release any stored 
lead. Neurogenic stress may also facilitate release of lead 
from bone (Bushnell and Jaeger, 1986). In addition, in 
conditions such as chelation therapy, dietary deficiencies, 
hormonal imbalance, some metabolic diseases, pregnancy, 
lactation and osteoporosis considerable demineralisation of 
the skeleton may occur and substantial amounts of lead can 
be released (NAS. 1980; Lamke et al. 1977; Pitkin et al, 
1979; Cummings et al, 1985; Riggs and Melton 1984; Wolff,
1983; Silbergeld et al. 1988).
It is extremely difficult to obtain bone samples from 
subjects pre-mortem. However, teeth lost at the time of 
abscission of primary dentition or because of extraction for 
caries is considered as an alternative form of bone biopsy. 
The concentration of lead in teeth has attracted 
considerable interest because samples are readily available 
from young children and adults. Thus, dentition, like bone, 
is a good indicator of cumulative lead exposure (Hislop and 
Parker, 1971; Needleman et al, 1974; Stewart, 1974:
Steenhout, 1982). Most of the lead in the teeth is laid down 
from the circulation during formation and eruption. The lead 
concentrations found in teeth are more than twice the 
average levels in bone and increase with age. There is no 
evidence that the concentration reaches an equi1ibrium. Once 
fully formed, teeth do not undergo further calcification and 
dental tissues are not normally involved in the remodelling 
processes characteristic of bone, but both the dentine and 
enamel are subject to ionic exchange with some body fluids. 
Thus, it is not surprising that the level of lead in teeth 
increases with age since there is continuous lead exposure
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throughout life. While teeth may provide an indicator of 
lead exposure in a given individual they will not 
necessarily reflect the general bone burden, particularly at 
ages much over 40 years (Strehlow and Kneip, 1969; Hislop 
and Parker, 1971).
Although lead concentrations vary across the enamel 
(Brudevold and Steadman, 1956) and are greater than in 
dentine (Malik and Fremlin, 1974), the highest 
concentrations of lead within teeth are within the 
circumpulpal dentine zone (Shapiro et al, 1973, 1975).
Circumpulpal dentine begins to form when the tooth becomes 
functional and it remains in constant direct contact with 
the vascular system.
In contrast, primary dentine is in direct contact only prior 
to the eruption of tooth and is then separated from the 
circulating lead by circumpulpal dentine which acts as a 
physical barrier. Thus, lead accumulation in this particular 
tissue compartment may provide a more sensitive index of 
cumulative lead exposure than lead accumulated in the 
protected primary dentine (Shapiro and Marecek, 1984).
However, differences in the mean lead content of different 
types of teeth have been reported and this can complicate 
the interpretation of results (see Section 2.7.9).
The body burden of lead increases from birth to old age 
(Schroeder and Tipton, 1968; Barry and Mossman, 1970; Barry,
1975) and lead accumulation begins in fetal life (Horiuchi 
et al, 1959; Barltrop, 1969). Lead is readily transferred
across the placenta and the concentration of lead in the 
blood of newborn children is similar to that of their 
mothers suggesting that lead comes into equilibrium between
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the mother and foetus equilibrium (Haas et al. 1972; Hower 
et al, 1975). Bhattacharvya (1983) showed that a substantial 
portion of the lead absorbed from the diet by the mother 
during pregnancy and lactation is transferred to the foetus 
via the placenta and to the neonate via the milk. The 
distribution of lead in foetal tissue is similar to the 
distribution in adults (Barltrop. 1969). Lead also passes 
the blood-brain barrier and a study by Cavalleri et al 
(1984) showed that the plasma lead fraction is in 
equilibrium with that in the CSF. Assuming the blood-brain 
barrier is functioning normally, plasma lead concentration 
is a good indicator of CSF lead concentration and. 
therefore, this parameter is a reliable index of potential 
lead transfer to brain tissues.
2.6.3 Excret i on
Absorbed lead is eliminated primarily via the kidney in the 
urine (about 76%) and to a lesser extent by the 
gastrointestinal tract (about 16%) through bilarv secretion 
(Conrad and Barton. 1978). Other routes for elimination 
(hair, nails, sweat and exfoliated skin account for 
approximately 8% (Teisinger and Srbova, 1959; Rabinowitz et 
al . 1973. 1976; Schroeder and Nason. 1969: Harrison and
Clemena, 1972; Taylor, 1986a). Lead is also excreted in 
human milk in concentrations of up to 12 ug/1 (Horiuchi. 
1970: Murthy and Rhea, 1971).
Kinetically, the total excretion of lead follows a biphasic 
pattern. After a single dose, the rate of excretion is high
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and through this mechanism about 50% of absorbed lead is 
lost during the first week. In the second phase the rate of 
excretion is much slower with a biological half-life of 
about 6 months. This biphasic excretion is apparently
independent of the dose administered (Castel lino and Aloj, 
1964). Although, the mechanism of urinary excretion is not 
fully understood in man. studies by Vostal (1966) and Vostal 
and Heller (1968) have shown that urinary clearance of lead 
i s essent. i a 11 v through g 1 omeru 1 ar f i 11rat i on and
transtubular transport. However. Vander et al (1977)
indicate that a large fraction of lead in glomerular
ultrafiIterate is reabsorbed by the tubules.
2.7 BIOLOGICAL MARKERS OF LEAD EXPOSURE
Lead can be measured in whole blood, plasma, saliva, urine, 
hair, deciduous teeth and bone biopsies. At present blood 
lead concentrations are considered to be the most useful 
indicator of recent exposure to lead. This should be
established by means of venous specimens since capillary 
sampling is subject to contamination which often results in 
a significant error when compared with venous sampling (CDC. 
1985). The mass of circulating red blood cells is the most, 
obvious factor which affects blood lead concentrations 
independent of exposure and body lead burden. Since more 
than 90% of blood lead is bound to red blood cells, the 
blood lead concentration is greatly affected by the red cell 
mass. Therefore, anaemia of any cause will affect blood lead 
ana lysis by g i v i ng a 1 ow est. i mat e while po 1 ycyt hem i a can
give a falsely high estimate of lead exposure (Baloh, 1974). 
A correction for the haematocrit was commonly used by the 
Chief Inspector of Factories in the U.K. (Davies and 
Rainsford. 1967) but there have been two reports which 
dispute its validity. Kochen and Greener (1973) and Rosen et 
al (1974) claimed that the percentage uptake of lead by red 
blood cells is little influenced by haematocrit. This 
implies that the red cells in anaemia must take up more lead 
than in non-anaemic persons. Experimental work by De Silva 
(1981). however. emphasised the validity of the haematocrit 
correction. This conflict is unresolved and will be 
addressed later in this study.
Various biological markers of lead exposure have been 
identified from studies on the potent effects of lead on 
haematopoiesis as shown in Fig.2.2. Although many of the 
enzymes of the haem synthesis pathway are to some extent 
inhibited by lead, the two reactions of greatest importance 
are those catalysed by delta-aminolaevulinic acid 
dehydratase (ALAD) and ferrochelatase. Inhibition of these 
two enzymatic steps leads to an accumulation of their 
substrates, delta-aminolaevulinic acid (ALA) in both urine 
and blood, and protoporphyrin in blood respectively 
(Piomelli and Graziano, 1980). These metabolites and red 
cell ALAD can be measured to determine the effect of lead on 
the haemat opioet. ic system. Lead also increases the breakdown 
of haem by haem oxygenase (Moore, 1983). This reduces the 
concentrations of free haem and causes a negative feedback 
increase in the activity of the rate-1imiting enzyme of the 
pathway (delta-aminolaevulinic acid synthetase (ALAS) with 
subsequent large increases in the concentrations of ALA. 
Urinary accumulation of coproporphyrin as a result of 
copropophyrinogen oxidase inhibition by lead is another 
index of exposure.
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Fig.2.2 Pathway for Haem synthesis.
Succinyl Coenzyme A + Glycine
vl De 11 a-am i no1aevu1i nat e synt het ase
De11a-amino1aevulinic acid 
Delta-aminolaevulinic acid x 2
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Porphoblinogen x 4
Uroporphyinogen III
De11 a-am i no1aevu1i nat e dehydrat ase
Porphoblinogen deaminase + 
Porhyrinogen cosynthetase
Uroporphyrinogen decarboxylase 
Coproporphyrin III (enter the mitochondria)
Coproporphyrinogen oxidasei
Protoporphyrinogen IX
Protoporphyrin IX
Protoporphyrinogen oxidase
Ferroche1at ase
„ degradation
Protoporphyrin IX + Fe^+ > Haem<— r haem oxyengase
0 I V^Bile pigments
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2.7.1 Blood ALAD
The inhibition of erythrocyte ALAD activity in lead- 
poisoning has been shown by several studies (Lichitman and 
Feldman. 1963; De Bruin.. 1968: Tola, 1972; Haeger-Aronsen 
and Abudlla, 1974; Nieburg et al. 1972, 1974; Meredith et
al , 1979). Since the inhibition of the enzyme activity is 
caused directly by the binding of lead to the -SH groups of 
the enzyme (De Bruin and Holboom. 1967; Nakao et al, 1968; 
Hernberg and Nikkanen. 1970: Haeger-Aronsen et al. 1971),
the activity of ALAD is inversely correlated to blood lead. 
Tola (1973) showed no difference between ALAD activities of 
men and women with the same blood lead concentrations. Young 
lead workers had higher ALAD activity than older workers 
which was attributed either to the decrease in most enzyme 
activities in older people (Bertolini. 1962: Raiha. 1963:
Hasan and Hernberg. 1966) or to the presence of lead binding 
protein (Lolin and O'Gorman, 1988).
Other metals besides lead can alter the activity of ALAD. Of 
these, zinc has been shown to have the most profound effect 
in activating the enzyme (Abdulla and Haeger-Aronsen, 1971: 
Finelli et al . 1974. 1975; Abdul la et. al . 1976; Border et
al , 1976: Meredith and Moore. 1978; Meredith et al. 1974.
1977b; Abdulla et al, 1979) and it is well established Low
that ALAD is a zinc-dependent enzyme (Abdulla and Haeger- 
Aronsen, 1971; Wilson et al, 1972; Gurba et al, 1972; Cheh 
and Neilands, 1973: Finelli et al, 1974) which requires that
100
metal for both synthesis and activation (Finelli et al. 
1974. 1975). These observations suggest that zinc may play a 
protective role in lead intoxication by reversing the 
enzyme-inhibiting effects of lead. Studies by Abdulla and 
Haeger-Aronsen (1974); Haeger-Aronsen et al (1976) and 
Abdulla et al (1979) showed that zinc has an antagonistic 
effect on the inhibition of ALAD by lead. They suggested 
that divalent metals with similar physical and chemical 
characteristics and electronic configuration can compete for 
the active site of many metalloenzymes. Therefore, it is 
possible that zinc competes with lead which has blocked the 
ALAD. The other possibility is that zinc may induce the 
synthesis of the protein which has a high affinity for lead 
(Lolin and O'Gorman, 19S3) and so play a protective role. 
Chvapil et al (1973) suggested that since zinc is an 
important component of the membrane it may stabilize the 
cell membrane and thus prevent the entry of toxic 
substances.
In addition, several experimental studies have shown that 
treatment of ALAD in vitro, with activating agents such as 
heat (Chiba, 1972). glutathione (Hapke and Prigge, 1973). 
dithiothreitol (DTT) (Despaux-Pages et al, 1979) or zinc and 
DTT together (Despaux-Pages, 1979; Sakai et al. 1980; Fuiita 
et al. 1982), enhanced the enzymatic activity more in
samples from persons with increased blood lead 
concentrations than in normal subjects and the extent. of 
reactivation correlated with blood lead concentration. This 
reactivation could therefore, serve as an index of lead 
exposure (Haas et al, 1972; Granick et al, 1973; Mitchell et 
al , 1978; Fujit.a et al , 1982). These studies suggested
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indirectly that lead does not inhibit ALAD synthesis. A 
similar result was found by Boudene et al C19S4) who 
proposed that ALAD is const i t u t i ve but also induc ib 1 e as 
soon as ALA accumulates. However, this induction disappears 
at high blood lead levels ( > 75 ug/dl). Thus. the
inhibition activity corresponds only to the peripheral 
effect of lead on the circulating enzyme.
Using zinc and dithiothreitol. Fujita et al (1982) found a 
significant (100%) increase in the amount of erythrocyte 
ALAD, calculated from the restored activity in lead-exposed 
workers, even at blood lead levels of 10-20 ug/dl. The
enhancement in the amount of ALAD effectively overcomes the 
inhibition of the enzyme at blood lead levels below 40 
ug/dl. but does not compensate for the inhibitory effect of 
lead on the enzyme when the blood lead level exceeds 40-50 
ug/dl. These findings may throw light on the danger to human 
health of low-level lead toxicity.
Chronic ethanol consumption has been shown to decrease 
erythrocyte ALAD activity (Moore et al. 1971: Abdulla et al, 
1976), the activity, however, increases as the blood alcohol 
concentration declines. Carbon monoxide will depress the
act ivity of ervthrocyte ALAD signif icant 1v at physio1ogica1 
concentrations but the effect is very small (Moore and
Meredith, 1979).
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Hernberg et al (1970) suggested a negative correlation 
between the log ALAD activity and blood lead concentration 
in the range 10 to 90 ug/dl. Similar results were reported 
by Millar et al (1970) and Weissberg et al (1971). A 
longitudinal study by Hernberg et al (1972) showed that a 
rise in blood lead concentration was accompanied by a rapid 
decrease of ALAI) activity in newly exposed workers compared 
with subjects who were in a steady state of exposure. 
Similar results were obtained by Tola (1973). who found that 
ALAI) activities were lowest in the group of lead workers 
with shortest exposure. These data are contrary to those of 
Bon signore et al (19G9) who reported that the lowTest 
activity was in workers with 10-19 years of exposure and 
Sakurai et al (1974) who could not show a statistically 
s i gni f icant negat i ve corre1 at i on. Accord ing to Sakurai. 
there is a blood lead concentration limit of about 20-30 
ug/dl below which there is no decrease in ALAD activity. 
Similarly. Wada et al (1976) reported a limiting blood lead 
concentration of about 15 ug/dl below which ALAD showed no 
correlation with blood lead concentration. These 
inconsistencies may be attributed to the low precision in 
the determination of ALAD levels rather than a physiological 
cut-off.
The practical usefulness of ALAD measurements is limited 
because of the varied methodologies for enzyme 
determination. (Berlin and Schaller. 1974: Burch and Siegel, j  
1971; Nikkanen et al. 1972: Tomokuni. 1974: Gibson et al ,
1955; Collier. 1971; Bonsignore et al. 1965; Granick et al. 
1973; Hapke and Prigge, 1973), the extreme instability of 
the enzyme activity (which usually requires measurements to 
be made shortly after the blood sample is obtained), and
I
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(particularly in assessment of exposure in lead workers) the 
extreme sensitivity of the enzyme to even minimal exposure 
to lead (Baloh. 1974; Piomelli and Graziano, 1980).
2.7.2 Urinary ALA
Studies have shown that in lead intoxication there are large 
increases in urinary ALA. This elevation is caused by the 
two factors described above i.e. the depression of ALAD and 
an increase in the activity of the rate-limiting enzyme of 
haem biosynthesis. delta-aminolaevulinic acid synthetase
(ALAS), by negative feedback (stimulated by decrease amounts 
of haem in the mitocondria). as shown in Fig.2.2. Depression 
of ALAD activity by lead is well documented, but elevation 
of ALAS has only been shown in lead intoxication in man 
(Takaku et al. 1973; Campbell et al. 1977; Meredith et al . 
1973: Boeckx, 1979).
Elevation of ALA in urine has been reported to be a 
sensitive and specific indication of increased lead
absorption (Haeger-Aronsen. 1960: Chisolm. 1964b). Increased 
ALA excretion has been observed at blood lead levels of 40- 
50 ug/dl in many studies (Hernberg et al, 1970: Selander and 
Cramer. 1970; Haeger-Aronsen, 1971; Tola, 1973; Sakurai et 
al , 1974; Zielhuis. 1975; Labreche and P 'an. 1982) and a 
significant positive correlation was found between the 
logarithm of urinary ALA values and the blood lead
concentrations (Selander and Cramer, 1970; Haeger-Aronsen
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1971; Chisolm. 1973; Lahaye et al. 1977; Labreche and P 'an. 
1982). According to Roels et al (1975), women exhibit a 
larger increase in urinary ALA excretion than do men. 
Zielhuis (1975) found a level of urinary ALA > 10 mg/1 is an 
indicator of potentially hazardous lead exposure while 
Labreche and P ’an (1982) considered 4 mg/1 as a warning 
signal. ALA in urine may also be related to age. Tsuchiva et
al (1975) f ound a nega t. i ve cor re 1 at i on wT i t h h i gher ALA
values being found in urine from younger age groups. 
Moreover, the day-to-day variability in the urinary ALA 
excretion is quite large in children. Blumenthal et al 
(1972) compared urine ALA and blood lead levels in a large 
group of high-risk New York children and found that urinary 
ALA level of 6 mg/1 would minimize false positives and false 
negatives if the blood lead was greater than 70 ug/dl.
However, there were 247 false positives and 27% false
negatives with this ALA value despite optimal balance 
between the two errors. This test would miss more than a
quarter of the children with very high blood lead levels
(greater than 70 ug/dl). Not surprisingly, these and other 
investigators concluded that urine ALA is not useful in
mass- screening for childhood lead-poisoning (Chisolm, 
1971a; Blanksma et al, 1969). Urinary ALA measurement was a 
useful test of exposure in lead workers (Selander and 
Cramer, 196S. 1970: Urbanow’i tcz. 1971; Stankovic, 1971:
Robinson. 1974) before the introduction of sensitive methods 
for the measurement of lead in the blood.
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2.7.3 Blood ALA
The concentration of ALA in the blood may also be used as an 
index of lead exposure. although the concentrations likely 
to be achieved are certainly not as great as those in acute 
porphyria (Moore et al, 1980b). The absence of a straight-
line relationship between blood ALA and urinary ALA suggests 
that, at higher blood concentrations of ALA. a greater 
proportion is excreted into the urine. This results in a 
plateau of blood ALA concentrations when the blood lead 
concentrat ion is in excess of 60 ug/dl (Meredith et al . 
1978). At this concentration, urinary ALA shows a rapid 
rise. This test has been useful in the past for monitoring 
industrial lead exposure.
2.7.4 Ur i nary coproporphyri n
Measurement of urinary coproporphyrin has represented for 
many years one of the most useful tools for rapid detection 
of childhood lead poisoning (Chisolm and Harrison, 1956b). 
The pat tern of ur inary coproporphyri n excret i on foilows 
closely that of ALA. although the latter is more specific 
and sensitive for lead (Haeger-Aronsen. 1960. 1971; Djuric. 
et al . 1966; De Bruin and Hoc1 boom, 1967; Stankovic. 1971:
Waldron. 1971: Zieliiuis. 1971). Because of the variability
of urine output a better approximation of upper normal 
coproporphyrin excretion in both children and adults is 20
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ug/dl (Benson and Chisolm, 1960). At this level, most mild 
non-specific elevations will be excluded, but at the same 
time many cases of increased lead absorption will be missed. 
There is a logarithmic relationship between urine 
coproporphyrin excretion and blood lead concentrations 
(Chisolm and Harrison, 1956b; Haeger-Aronsen, 1960). 
Coproporphyrin excretion does not clearly separate normal 
from abnormal until blood lead concentration exceeds 80 to 
100 ug/dl (Chisolm, 1971). The clinical usefulness of 
urinary coproporphyrin is limited, and its use has recently 
declined, since it does not consistently identify children 
with mild-to-moderate increases in lead absorption. Like 
ALA, changes in the urinary coproporphyrin excretion start 
to take place only at greater concentrations of blood lead 
than those found in the general population and are therefore 
commonly used only in industrial lead exposure.
2.7.5 Eryt hrocyt e prot oporpohyr i n
Looking back into the history and the background of 
protoporphyrin, we find that the association between 
porphyrins and lead has been known for more than a hundred 
years (Labbe, 1977). The accumulation of protoporphyrin IX 
in erythrocytes as a result of inhibition of ferrochelatase 
activity in the bone marrow is an extremely sensitive 
indicator of lead exposure (WHO, 1980) as shown in Fig.2.2. 
Erythrocyte protoporphyrin (EP), was measured in the free 
form as free erythrocyte protoporphyrin (FEP) after 
extraction into an organic solvent. However, many studies
have demonstrated that the protoporphyrin which accumulates 
in erythrocytes is not free but exists as a zinc chelate, 
zinc protoporphyrin (ZPP) (Lamola and Yamane. 1974: Waldron. 
1974: Lamola et al, 1975: Piomelli et al. 1975: Poh-
Fit.zpat.rick and Lamola. 1976: Lamola et al . 1977: Schwartz
et al. 1980).
A number of classical extraction methods have been reported 
for the measurement of protoporphyrin IX. They require 5 to 
15 ml of blood and entail lengthy extraction procedures 
which are not suitable for routine clinical work (Schwart 
and Wikoff. 1952: Wranne. 1960). In the early 1970s several 
simple micro methods were developed (Granick et al. 1972; 
Kammhol' z et al. 1972; Piomelli et al. 1972: Piomelli. 1973: 
Sassa et al . 1973: Chisolm et. al . 1974a; Chisolm and Brown. 
1975). These methods are based either on the direct 
measurement of the fluorescence of zinc protoporphyrin in 
whole blood with a simple fluorometer Chaematofluorometer) 
which measures only zinc protoporphyrin (Fischbein et al. 
1976: Blumberg et al. 1977a.b) or on fluorometric analysis
of an acid extract of blood as in the classical methods (to 
measure FEP).
Comparison of the two approaches have shown good correlation 
between them (Joselow and Flores, 1977a; Blumberg et al. 
1977a: Peter et al. 1978: Karacic et al, 1980: Schifman and 
Finley, 1981; Marsh et al. 1983). Nevertheless. Schifman and 
Finely (1981) reported that plasma can cause 
haematofluorometer readings to be spuriously high by 2.4 to 
89.4%, caused by bilrubin interference.
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Lamola et al (1979) observed less bilirubin interference 
than did Buhrman et al (1978), and attributed the difference 
to haemat of luoromet.ers of different designs. A recent study 
by Bartels et al (1989) suggested that the interference by 
non-specific fluorophores can be eliminated by removing the 
plasma and making the measurement on washed red blood cells. 
This should give more reliable haematofluorometer results. A 
recently introduced haematofluorometer, the Protofluor-Z. 
has several new features: Cl) results are reported as the
molar ratio of zinc protoporphyrin to haem. (ZPP''mole haem) ; 
(2) it uses Protofluor reagent (dilute aqueous solution of 
potassium cyanide) to eliminate manual oxygenation of the 
b ]ood samp1es (St ant on et a1. 1989).
Both ZPP and FEP have the property of intense red 
fluorescence under blue light and the haematofluorometer 
requires no more than 25 ul blood for the determination. 
Several studies have correlated blood lead concentrations 
and ZPP or FEP concentrations (Piomelli et al, 1972: Sassa 
et al , 1973; Chisolm et al , 1974b; Lamola et al. 1975:
Joselow and Flores. 1977b: Lilis et al. 1978; Grunder and
Moffitt. 1979, 1982; Suga et al. 1981: Bush et al. 1982).
The relationship between the of the logarithm concentrations 
of FEP or ZPP is plotted against blood lead concentration is 
linear. However. close correlations are found only under 
steady conditions of exposure. Since the average normal 
life-span of an erythrocyte is about 120-130 days. their 
entire replacement in the blood requires at least that 
length of time. This explains why there is a time-lag 
between the increase in erythrocyte protoporphyrins and the 
rise in blood lead level and this weakens the correlation
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between the two during the first four months of increased 
exposure. Lilis et al (1977) analysed the relationship 
between ZPP and duration of lead exposure. there was a 
marked increase in ZPP levels during the first two to four 
months after the onset of exposure. corresponding to the 
life-span of the erythrocyte. ZPP levels continued to rise 
with the duration of exposure for about three years and then 
remained constant with time, lies ley and Wimbish (1981) found 
results generally in agreement with those of Lilis. for a 
group with no previous occupational lead exposure. The mean 
lead level rose quickly from the start of employment, to a 
maximum of 55 ug/dl by the tenth to twelfth week and then 
remained constant. The mean ZPP level rose gradually and did 
not reach a plateau by the sixteenth week. In another group 
of workers who were removed from t he job. the mean b 1ood 
lead level declined steadily after removal until 
approximately sixteen weeks when it flattened out. During 
the same time the mean ZPP values declined steadily but 
never reached a plateau. When blood lead levels below a 
certain level did not correlate with ZPP. the investigators 
suggested that the concentration of blood lead had not 
reached a plateau or been at a plateau for a long enough 
time to allow the ZPP values to stabilise. They inferred 
that given a long enough period of time there would be good 
correlation (Lilis et al. 1977).
A number of investigators have established normal ranges for 
ZPP. A study by Gobbi et al (1977) obtained a mean of 39.6 
ZPP ug/dl for both males and females not exposed to lead. 
Another study (Grisler et al. 1976) found a mean of 40.7 
ug/dl ZPP. Suga et al (1981) attempted to determine the
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normal range of ZPP values for adults and a mean of 23 ug/dl 
was established. The authors concluded that a value of 54 ug 
ZPP/dl is a suitable cut-off value above which one generally 
finds blood lead levels > 40 ug /dl. Currently, lead
toxicity in children is defined in the USA by the Centers 
for Disease Control, as an elevated blood lead level (equal 
or greater than 25 ug/dl) with an EP of 35 ug/dl or greater 
(CDC, 1985). In 1989, Stanton et al, suggested a cut-off for 
the Protofluor-Z users of 70 umol ZPP/mole haem. This is 
approximately equivalent to the recommended screening EP 
cut-off of 35 ug/dl whole blood. The dose-response 
relationships for blood lead levels and EP have been
reported by a number of investigators for both adults 
(Meredith et al, 1979) and children (Piomelli et al, 1982; 
Hammond et al, 1985; Marcus and Schwartz, 1987). Rabinowitz 
et al (1986) found that a blood lead level greater than
about 15 ug/dl was associated with a greater incidence of 
elevated EP. Using a higher EP cut-off of 52 ug/dl (mean + 
2SD ) resulted in a blood lead threshold of 15-20 ug/dl 
while a lower cut-off of 34 ug/dl (mean + 1 SD ) yielded a 
threshold of 10-15 ug/dl. This apparent dependence of the 
blood lead threshold upon the choice of EP cut-off was not 
evident in the older, larger and more lead-burdened
population studied by Piomelli et al (1982). They excluded
children less than 2 years-old from their study because of
\
high incidence of iron deficiency among this age. The blood 
lead threshold was 15-18 ug/dl in urban children whether 
they used 33 or 53 as their defined cut-off for elevated EP. 
However, EP rose progressively at higher lead levels. They 
hypothesized that among urban children where both iron
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deficiency and elevated blood lead levels are relatively 
prevalent, the relationship between increased EP and lead 
can be affected by the influence of iron deficiency.
The advantage of measuring EP is that when an elevated level 
proves not to be due to lead, it usually reflects either 
erythropoietic protoporphyria which is an uncommon inborn 
error of porphyrin metabolism or iron deficiency (Cartwright, 
et al, 1948; Pagliardi et al, 1959; Dagg et al, 1966; Prato
et al, 1968; Langer et al, 1972; McLaren et al, 1975; DeLEO
et al, 1976; Lamon, 1977; Piomelli, 1977; Thomas et al ,
1977; Yip et al, 1983; Yip and Dallman, 1984a; Benjamin et
al, 1986; Mahaffey and Annest, 1986) and these conditions 
will be detected. Recent colds, ear infections and other 
minor illnesses may also cause slight elevation of 
erythrocyte protoporphyrin (Reeves et al, 1984).
One area where more information is needed is whether or not 
the zinc protoporphyrin test can be substituted for the 
blood lead test in screening programmes. There is 
disagreement among various researchers. An earlier study by 
Reigart and Whitlock (1976) suggested that the FEP test 
should be the preferred test for detecting children with 
significant body lead burdens. It was argued that FEP will 
be increased in those children with normal blood lead 
concentrations who indeed have abnormal lead burdens. 
Furthermore, children who have only transient elevation of 
blood lead will not have increased FEP and will not appear 
as being significantly burdened. Also, measurement of FEP as
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a primary screen will reveal some children in whom mild
elevations of FEP are due to iron deficiency and who will
not be detected by measurement of lead. In contrast, Lerner 
et al (1982) stated that blood lead is a better index than 
FEP or ZPP. especially when exposure is not stable. They 
observed a 6- to 10- week delay in the rise of ZPP levels 
following re-exposure to lead among a group of lead smelter 
workers. There are reports of a time lag varying from 0 to
21 days in the rise of FEP compared with blood lead in male
or female adults newly exposed to lead under experimental
conditions (Stuik, 1974: Cools et al. 1981). Results on a
random population of 915 individuals showed that as much as 
40Z of elevated lead values may remain undetected if EP is 
used as a screening test (Peter and Bourdeau. 1983). Despite 
those drawbacks. authors in the PSA have strongly argued 
that ZPP should be used as a screening test instead of the 
measurement of blood lead (Joselow and Flores. 1977b: 
Grunder and Moffit, 1979; CI)C, 1985).
2.7.6 Urinary lead
The -24-hour urinary excretion of lead has sometimes been 
used as an indicator of lead exposure. However, an earlier 
study by Byers and Mai oof (1954) pointed out that single
urine sample analysis can be misleading since lead
concent rat i ons i n ur i ne vary w i de1v t hrough t he day . 
Concentrations of 80-100 ug/24 h are indicative of recent 
increases in exposure.
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2.7.7 Provocative test
The lead mobilization test or provocative test is considered 
among the most helpful test for detecting an increased lead 
burden. This test consists of the administration of a 
standard dose of calcium-EDTA and collection of a 24-hour 
urine sample for the measurement of lead content. The 
calcium-EDTA usually is given by intravenous infusion over a 
one hour period in a dose of 1 g for a 70 kg adult or 25 
mg '"kg of body weight for children (Emmerson. 1963: Chisolm. 
1971b). This test provides an index of the mobile or 
potentially toxic fraction of the total body lead burden 
(Saenger et al. 1984). Originally Rieders in 1960 proposed 
that an excret ion of 1 mg or more of lead in the 24-hour 
collection period constituted evidence of an increased body 
lead burden. Hammond (1973): Teisinger (1971); Teisinger and 
Srbova (1959) and Chisolm et al (1975) and Markow-itz and 
Rose. 1984 have confirmed his observation. This test is 
helpful in determining which children with blood lead 
concentrations in the range of 25 to 55 -ug/dl will require a 
full course of chelation therapy and also in determining the 
advisability of further chelation in a child already 
receiving therapy (Committee on Environmental Hazards. 
1987). Children whose blood lead levels exceed 55 -ug/dl 
should not receive a chelation provocative test. Instead, 
appropriate chelation therapy should be started. Although 
the mobilization test is currently considered a sensitive 
method of determining the mobile and potentially toxic
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fraction of body lead stores and of assessing response to 
chelation therapy, its applicability for wider use in 
children is limited (CDC, 1978) since it requires 
hospitalisation, administration of two intramuscular 
injections of CaNa2EDTA and 24-hour quantitative urine 
collections which are difficult to complete successfully in 
young children.
2.7.8 Hair lead
Hair lead measurements reflect exposure over a period of 
months (depending on the length of the hair). In theory, 
hair analysis is an immediate attractive approach, since it 
involves no invasive procedures; it can be used for subjects 
of any age and transportation and storage causes no 
problems. Hair grows at a rate of about 1 cm per month and, 
by measuring the lead content of hair segmentally one 
obtains a profile of past exposure with that nearest to the 
scalp reflecting recent exposure. Hair has been used for a 
number of large surveys of lead exposure in children (Marlow 
and Errera, 1982; Thatcher et. al, 1982). However, sample
contamination from exogenous lead such as dust is difficult 
to control, since washing procedures have not been proven to 
be completely satisfactory in the removal of lead deposited 
directly onto hair. Grandjean (1984) also found that some 
exogenous lead that is deposited on hair eventually becomes 
incorporated into the hair shaft. Hammer et al (1971) 
suggested washing hair with EDTA prior to analysis in order 
to remove the bound lead but Clarke et al
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(1974) showed that the EDTA-washing procedure could 
eliminate the surface lead contamination of the hair only. 
Hair lead reflects increased excretion of lead due to the 
high concentration of dithiols in the keratin in hair. 
Elevated concentrations in the proximal segment of hair are 
associated with recent but not acute ingestion (Graef, 
1982). A significant correlation was found between lead in 
blood and hair samples (Kopito et al, 1969; Wibowo et al, 
1980; Barltrop et al , 1975; Bergomi et al , 1989).
On the other hand, a poor correlation was found by Pueschel 
et al (1972), Rosmanith et al (1977), Rockway et al (1984), 
and Franzblau et al (1988). This could be attributed to 
other factors such as sex, thickness and colour of the hair, 
as well as the use of certain hair preparations and how 
often the hair is washed, analytical problems and removal of 
hair contamination prior to analysis (Taylor, 1986b).
2.7.9 Tooth lead
Determination of lead concentrations in shed deciduous teeth 
has become a useful measure of past lead exposure in 
children (Stewart, 1974). Since the formation of deciduous 
teeth begins in prenatal life, the average lead level in the 
shed teeth may be taken as an integrated measure of the 
total exposure during early life. However, lead levels may 
vary between different tooth types and tissues. Thus, the 
highest lead concentrations are found within the 
circumpulpal dentine layer (Shapiro et al, 1973, 1975)
although enamel concentrations are greater than those in
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dentine (Malik and Fremlin, 1974) and concentrations have 
been found to vary across the enamel (Brudevold and 
Steadman, 1956). A significant variation in lead 
concentrations in whole teeth has been found in relation to 
tooth type (Lockeretz, 1975; Mackie et al, 1977; Delves et 
al , 1982; Paterson et al. 1988). Lead concentrations tend to 
decrease from the medial incisors to premolars. This may be 
due to the occurrence of different proportions of dental 
tissues in different tooth types. Thus, a premolar would 
contain comparatively more primary dentine with low lead 
levels than would a medial incisor (WHO, 1984). Two studies 
have mentioned considerable variation in the lead content 
between two teeth of the same type from the same individual 
or between two samples of secondary dentine from the same 
tooth (Needleman et al, 1979; Delves et al, 1982). The lead 
concentrations in blood and teeth from the same children 
would not be expected to show any close correlation, since, 
blood lead may vary over short periods of time, while tooth 
lead reflect long-term exposure. Thus, low correlation 
coefficients of 0.4-0.5 were reported by Ewers et al (1982) 
and Smith et al (1982). The use of teeth has some practical 
drawbacks, since the investigator has to wait until the 
child sheds a tooth at 6- to 7-years old or about 6 years 
later. However, this disadvantage has been overcome by an X- 
ray fluorescence method which measures the lead content in 
the tooth in situ, but obviously exposes the child to a 
small dose of radiation (Bloch et al, 1976). An additional 
disadvantage is the variation in lead levels from one tooth 
to another within the same mouth, and more than one tooth 
may have to be analysed to obtain an accurate evaluation of 
the lead retention in each child (Delves et al, 1982;
Grandjean et al, 1984).
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2.7.10 Basophilic stippling in cells
Microscopic examination of red cells for basophilic 
stippling due to changes in the ribosomes has been performed 
since 1899 and has been considered as a classic laboratory 
sign of lead-poisoning since that time. However, this change 
is not specific to lead poisoning and is found in a variety 
of malignant, rheumatological, haemato1ogica1,
cardiovascular and other diseases, frequently associated 
with anaemia. It may even be found in a small percentage of 
normal people (Cheson et al, 1984). Because of the lack of a 
satisfactory correlation between the number of basophilic 
stippled red blood cells and other measurements of increased 
lead exposure its use is limited in the laboratory diagnosis 
of lead-poisoning.
2.7.11 Radiological examination
Radiological examination (flat plate) of the abdomen may 
reveal radio-opaque foreign material that has been ingested 
during the preceding 24 to 36 hours. Positive results 
indicate recent ingestion of large amounts of lead whereas 
negative results do not rule out lead-poisoning. X-ray of 
the long bones, usually the femur, may help to identify 
metaphyseal sclerosis, which requires a blood lead level of 
50 ug/dl or higher for at least 4 to 6 weeks to become 
visible by radiography. This abnormality is due to the
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resorption of calcium by osteoclasts. Lead inhibits 
osteoclastic resorption at the epiphyseal plate but has no 
effect on new bone formation by osteoblasts (Leone, 1968). 
This results in an increase in the number and thickness of 
trabeculae at the metaphysis. Other heavy metals and healing 
rickets can give identical lines of increased radiodensity 
and should be considered if other tissue lead measurements 
are not consistent with the diagnosis of lead-poisoning 
(Baloh, 1974). Chisolm (1971b) pointed out that lead lines 
can be differentiated from growth arrest lines by the band 
width, since the former are broad continuous bands (> 2mm), 
whereas the latter appear as multiple discrete lines. The 
presence of lead lines is a function of age owing to their 
dependency on active bone growth. Therefore, they are most 
frequently present in children aged 2 to 5 years. In 
children under 2 years of age, they are frequently absent, 
even in symptomatic cases, and in children over 5 years of 
age they are rarely prominent. They are never seen in adults 
(Chisolm, 1971b). Leone (1968) found no correlation between 
blood lead and the lead line densities. Because of the time 
interval required for development of lead lines, their 
presence can be helpful in establishing times of exposure. 
Negative X-ray results do not rule out lead poisoning 
(Graef, 1982; CDC, 1985).
2.8 SUSCEPTIBLE HUMAN POPULATIONS
A number of special segments of the general population are 
considered to be at greater risk from lead exposure. It is
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generally conceded that children are more vulnerable to lead 
exposure because of the frequency of pica, hand-to- mouth 
activity (Lin-Fu, 1973b), a greater rate of intestinal 
absorption and retention (Ziegler et al, 1978) and also
because they have a smaller proportion of dense bone tissue 
than adults and cannot transfer as much of the absorbed lead 
into bone. The amount not taken up in the bone tends to 
remain in the soft tissues where it produces toxic effects 
involving three systems in the body- the haematopoietic 
system, nervous system and kidney (Stark et al, 1978). A
second subpopulation of concern are pregnant women and their 
developing foetus. Lead crosses the placenta from the 
maternal to the foetal circulation and may have deleterious 
effects on the fetus (Barltrop, 1969). Sensitivity to the 
effects of lead on metabolism and physiological processes 
may be greatest during fetal development (Shukla et al, 
1989). The stress of pregnancy may also increase the 
sensitivity of the female herself as a result of alterations 
in hormonal balance which may affect the mobilization of 
lead from bone. During pregnancy and post-partum lactation, 
hormonal changes may result in increased mobilization of 
bone calcium reserves as well as that of any stored lead 
(Buchet et al, 1977; Pitkin et al, 1979; Keller and Doherty, 
1980; Wolff, 1983; Manton, 1985; Thompson et al, 1985). The 
elderly may also deserve special attention since the 
demineralisation of bone, known to occur as part of the 
ageing process, may be accompanied by increased mobilization 
of lead from bone (Silbergeld et al, 1988).
Age-related changes in the gastrointestinal tract and 
kidneys may alter their ability to absorb and excrete 
various substances. Also, low income, poor dentition, or 
loss of appetite in the elderly may lead them to have a 
nutritionally inadequate diet (Bunker et al, 1984).
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2.9 PATHOLOGICAL EFFECTS OF LEAD
Lead may cause both acute and chronic effects. Although the 
toxic effects of lead are known to have an impact on a 
number of essential body functions, these have been best 
documented for the haematopoietic, renal and nervous system. 
Some evidence is also available on the effects of lead on 
the reproductive, cardiovascular and endocrine systems. 
Animal data suggest that lead may be carcinogenic but 
studies on human populations have shown no significant 
effects on the rates of cancer development.
2.9.1 Haemat opo i et i c syst em
The haematological effects of lead can be attributed to the 
combined effect of (1) the inhibition of haemoglobin 
synthesis, and (2) the shortened life-span of circulating 
erythrocytes. These effects may result in anaemia. The
pathway for haem synthesis was presented in Fig.2.2. As 
described previously (see Section 2.7), at least three steps 
in this process may be affected by lead. ALA-dehydratase is 
probably the enzyme in the haem pathway that is most 
sensitive and inhibition of this enzyme results in excessive 
production of its substrate, ALA, in the plasma and body 
fluids, with a consequent increased excretion of ALA in the 
urine. Secondly, delta-aminolaevulinic acid synthetase
(ALAS) which is a rate controlling enzyme is subject to 
negative-feedback regulation. Therefore, the decrease in
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haem synthesis results in a subsequent increase in ALAS 
activity. The net result is an increase in the blood and 
urine concentrations of ALA. A third abnormality of haem 
synthesis is inhibition of the enzyme, ferrochelatase, which 
catalyses the incorporation of ferrous iron into the 
porphyrin ring structure. The inhibition of ferrochelatase 
by lead prevents the introduction of iron into 
protoporphyrin IX to form haem. This results in an increase 
in the concentration of FEP in blood. As previously 
discussed, FEP is not really 'free’ but as the 
metalloporphyrin, zinc protoporphyrin IX (ZPP) (Lamola and 
Yamane, 1974). Both in iron deficiency and lead-poisoning, 
the porphyrin chelates zinc non-enzymatically to form ZPP. 
Therefore, haemoglobin measurements are particularly 
important as an index of lead effects.
Although, the mechanism for shortened erythrocyte survival 
is not well understood, the degree of shortening correlates 
with the levels of anaemia, coproporphyrinuria and blood 
lead. Some characteristics of the erythrocyte membrane are 
altered during exposure to lead (Hammond, 1977). Increased 
resistance to hypo-osmotic lysis and increased mechanical 
fragility have been reported (Waldron, 1966; Hansan and 
Hernberg, 1966). Inhibition of erythrocyte membrane Na+ ,K+- 
ATPase with increased loss of intracellular potassium occurs 
in people with only moderately elevated lead exposure 
(Hansan et al, 1967; Hernberg et al, 1967; Secchi et al, 
1973). This potassium leakage leads to an increased 
fragility of the red blood cells and consequent lysis. 
Conformational changes in the membrane by lead alter the
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environment of the enzyme and result in enzyme inhibition 
as well as great loss of potassium from the cell, possibly 
by creating a potassium gate (White and Selhi, 1975). This 
Na+ ,K+-ATPase suppression may be a function of lead binding 
protein (Raghavan et al, 1980, 1981). People who have low
capacity of synthesing this protein, may be at increased 
risk of developing lead toxicity. Yet, it is not known 
whether or not this abnormality plays a role in the 
reduction of the life span of erythrocytes.
The development of anaemia during lead exposure will occur 
at two points-(l) during red cell formation and (2) during 
red cell destruction. The concentrations of lead in the 
marrow are very much greater than that in the blood 
(Albaharry, 1971). Under these circumstances, the developing 
red cells within the bone marrow will be affected by lead, 
with defective erythropoiesis (Landow, 1973; Berk et al, 
1970). As mentioned above, the anaemia of lead-poisoning is 
related to inhibition of haemoglobin production following 
the inhibitory effects of lead on porphyrin synthesis and 
the incorporation of iron in the porphyrin ring and 
shortened red cell life. Additionally, abnormal globin 
synthesis has been found in the presence of increased lead 
levels (White and Harvey, 1972). Many investigators have 
described the occurrence of microcytic anaemia as a 
consequence of lead poisoning due to the inhibitory effect 
of lead on haem or globin synthesis (Cohen and Ahrens, 1964; 
Smith, 1964; Greengard, 1966; Marsh et al, 1983). However, 
other workers have raised the question as to whether 
microcytic anaemia in lead exposed people is the result of
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lead toxicity alone or is a consequence of other 
haematological problems (such as iron deficiency, 
thalassaemia, etc.) or is the result of interaction between 
the two. A study by Cohen et al (1981) showed that 
microcytosis and anaemia are much less common in children 
with no history of iron deficiency or haemoglobinopathies 
but who have an increased lead burden. However, a recent 
study by Clark et al (1988) suggested that children with 
both increased lead levels and iron deficiency developed 
microcytic anaemia. The concurrent iron deficiency appears 
to be the most potent factor in the production of microcytic 
anaemia among children with severe lead poisoning. This 
observation throws some light on the possible limitation of 
erythrocyte protoporphyrin as a screening test for lead 
exposure in the absence of iron deficiency.
2.9.2 Nervous System
Excessive absorption of lead has been associated with damage 
to both the central and the peripheral nervous system 
(Valciukas et al, 1978b; Damstra, 1977). Historically, the 
only recognizable effect of lead on the central nervous 
system was acute lead encephalopathy, but now it is known 
that there are more subtle effects associated with low blood 
lead levels. The occurrence of lead encephalopathy is 
unlikely unless the blood lead level exceeds 80 to 100 
ug/dl. The encephalopathy is characterised by a rapid onset 
of massive cerebral oedema (accumulation of intercellular 
fluid in the brain), convulsions, coma, and sometimes
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complicating cardiopulmonary failure may contribute to the 
cause of death. Fortunately, as a result of medical 
advances, including chelation therapy, the incidence of 
fatal lead encephalopathy has decreased substantially over 
the past 30 years.
Children surviving acute poisoning episodes, with or without 
manifestations of encephalopathy, were often found to have 
severe neurological sequelae, traced to permanent damage to 
the central nervous system (Perlstein and Attala, 1966; 
Byers and Lord, 1943; Needleman et al, 1974; American
Academy of Pediatrics, 1969). Neurological sequalae include 
gross mental retardation, recurrent seizures,behavioural 
abnormalities such as increased irritability, impaired 
concept formation, sensory-motor deficits, optic atrophy, 
hyperactivity and occasionally blindness, loss of power of 
speech and/or comprehension of language, and muscular 
weakness usually affecting one side of the body (Smith, 
1964; Bicknell et al, 1968; David, et al 1972, 1976, 1983;
Lansdown et al, 1974; Valciukas et al, 1978b; Guerit et al , 
1981; Yule et al , 1981; David et al , 1983; Padich et al^ ,
1985; Starr, 1985; Schwartz and Otto, 1987). Perlstein and 
Attala (1966) also reported such sequelae in 37% of children 
who suffered lead poisoning without evidence of 
encephalopathy.
Peripheral neuropathy is a classical manifestation of lead 
toxicity, particularly in adults with excessive occupational 
exposure. Although peripheral neuropathy is considered rare 
in childhood lead toxicity, it does occur (Seto and Freeman
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1964; Seppalainen et al, 1975). The primary effect of lead
on the peripheral nervous system is reduced motor function. 
Motor and sensory neuropathy predominates at the upper 
limbs, more often on the right side, and the conduction 
velocity of the median nerve is soon reduced among lead- 
exposed subjects; the effect is seen at low levels of 
exposure (Ashby, 1980; Bordo et al, 1982; Seppalainen et al, 
1983; Lille et al, 1988). Muscular weakness, especially of
the extensor muscles, tremor, fatigue, and a lack of 
muscular coordination are common symptoms of lead 
neuropathy. One of the characteristic features of this 
disorder in adults is wrist drop due to paralysis of the 
distal, upper extensor muscles which are innervated by the 
radial nerve (Krigman et al, 1980).
Both clinical (Lin-Fu, 1972) and animal studies (Pentschew 
and Garro, 1966; Goldstein et al, 1974; Klein and Koch,
1981; Collins et al, 1982) suggest that it is children who
are more susceptible to the toxic effects of lead, and it 
appears that the brain is one of the principal sites of the 
lead action.
It has been suggested that teratogenic effects, particularly 
neuropsychological effects, in the newborn and at later
stages of development are related to foetal exposure to 
lead. This proposition was based on the rapid development of 
the nervous system during the foetal and neonatal period and 
on the evidence of placental transfer of lead from the 
maternal system to the foetus (Clark, 1977; Gershanik et al, 
1974; Lauwerys et al, 1978; Barltrop, 1969; Ryu et al, 1978; 
Angell and Lavery, 1982). Several studies have examined the 
relationship of prenatal lead exposure and neonatal
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development (Bull et al, 1983; Dietrich et al, 1985; Winneke 
et al, 1985; McMichael et al , 1988).
A growing concern recently, which has received a great deal 
of publicity, is the possibility that chronic, asymptomatic 
lead exposure may cause minimal brain dysfunction, 
behavioural problems and neurological impairment in children 
exposed to lead in utero and/or during early childhood, 
owing to the greater susceptibility of their sensitive 
developing nervous system and greater intestinal absorption 
rate. In earlier studies designed to measure blood lead 
concentrations in children with diagnosed neurological 
problems, the results proved to be ambiguous. However, 
another approach to evaluate the role of low lead level 
exposure on mental and behavioural problems through 
conducting a variety of measures, such as measurement of 
intelligence, educational attainment, behaviour, and other 
measures of cognitive or neurological performance, has been 
adopted (Smith, 1989).
Epidemiological studies have been the primary means of 
identifying the effects of prevalent lead exposure on 
children. These studies have been of two types:
(1) longitudinal or prospective studies.
(2) cross-sectional or retrospective studies.
A recent review by Mushak et al (1989) provided a full 
description of prenatal and postnatal low-level lead 
exposure and effects on the developing nervous system. 
Results of a few longitudinal studies revealed that 
disturbances in early neurobehavioural development occur at
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levels well below those considered safe or even normal.
These are summarised in Table 2.7. The most clearly
identified effect has been the lower scores on the Mental 
Development Index of the Bayley Scales of Infant
Development, a standardised test for infant intelligence.
Table 2.7 Summary of longitudinal studies of early exposure 
to lead.
Mean Blood Period of measurement 
Pb 
Cug/dl)
References
14.0 postnatal (6 months) Vimpani et al (1985, 1989)
20.0 postnatal (24 months) McMichael et al (1988)
18.8 postnatal (36 months)
15.8 postnatal (48 months)
6.5 birth (cord) Bellinger et al (1984,
1985, 1986, 1987a)
6.8 postnatal (24 months) Bellinger et al, 1987c
8.0 prenatal (maternal) Dietrich et al (1986,
1987a, 1989)
In several longitudinal studies, the relationship between
lead and performance persisted into childhood. In a recent
study by Needleman et al (1990) , in which the length of
follow up was 11.1 years, it was found that exposure to lead
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in childhood is associated with deficits in central nervous 
system function in young adulthood.
On the other hand, neither Ernhart et al (1987) nor Cooney 
et al (1988, 1989) reported any association between lead 
exposure and mental or motor deficits in children of pre­
school age.
A number of cross-sectional studies on the effects of low- 
moderate lead level exposure on cognitive functions in 
children have found small but significant cognitive deficits 
in lead-exposed, asymptomatic children (Table 2.8).
Table 2.8 Summary of various cross-sectional studies of 
the effects of low level lead exposure.
Blood Pb 
(ug/dl)
Tooth Pb 
(ug/g)
Age
(years)
References
58.00 4 De la Burde and Choate (1972)
112-202 7-8 De la Burde and Choate (1975)
61.00 4-8 Rummo et al (1979)
10-70 3-6 Perino and Ernhart (1974)
38-81 1-5.8 Kotok (1972)
28-80 1.7-5. 6 Kotok et al (1977)
40-68 3-15 Landrigan et al (1975a)
7-33 6-12 Yule et al (1981)
10.99 7-8 Bergomi et al (1989)
< 10 and >20 7 Needleman et al (1979)
< 3 and > 7 8 Winneke et al (1982)
1.5-38 9.4 (1983)
2-29 4/5 McBride et al (1982)
3-34 6-9 Fulton et al (1987)
30-60 5-12 Faust and Brown (1987)
6-30 6-12 Otto et al (1985)
6-59 0.8-6.5 Schroeder et al (1985)
6-47 2 Schroeder and Hawk (1987)
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Other studies have also reported significant associations 
between lead exposure and a variety of central nervous 
system defects (David et al, 1972, 1976, 1983; Moore et al , 
1977b; Pihl and Parkes, 1977; Yourokos et al , 1978; David et 
al , 1976; LaPorte and Talbott, 1978; Cramer et al, 1980; 
Hansan et al, 1980; Needleman, 1982; Winder et al, 1982; 
Zimmermann-Tansella et al, 1983; Marecek et al, 1983; Kishi 
et al, 1983; Davis and David, 1987). Others, however, did
not find such effects (Ernhart et al, 1981, 1985b; Smith et 
al, 1983; Harvey et al, 1984; Lansdown et al, 1986; Sachs et 
al, 1978). This inconsistency has led to a considerable 
difference of opinion about whether or not a low level of 
lead exposure has any harmful effects on children. Many 
factors could contribute to the inconsistencies e.g (1) 
difference in the sampling and design of these studies,(2) 
type of measures used, (3) biological level of lead, (4) age 
and type of population studied, (5) degree to which 
information on potential confounding variables was collected 
and controlled, and (6) type of statistical methods used for 
data analysis.
2.9.3 Renal system
Because of the rich blood supply of the kidney in relation 
to its mass, this organ is particularly liable to damage 
from toxic substances. Drugs and chemicals may be 
concentrated in renal tissue during secretion or absorption 
or by osmotic concentration of fluids in the renal medulla, 
leading to impairment. The effect of lead on the kidney 
falls into two categories, namely acute lead nephropathy and 
chronic nephropathy.
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In acute lead nephropathy, structural changes such as 
atrophy of epithelial cells of the proximal convoluted 
tubule, signs of regeneration and increase in the inter- 
tubular connective tissue with thickening of tubular 
basement membranes, and some round cell infiltration are 
seen. This syndrome occurs in children aged one to three 
years old, and is rare in adults. The most striking 
characteristic of acute neophropathy is the presence of 
eosinophilic intranuclear inclusion bodies in some cells of 
the proximal convoluted tubules. Accumulation of lead is 
associated with the formation of intranuclear inclusion 
bodies in renal tubular lining cells (Richter et al, 1968; 
Goyer et al, 1970; Goyer, 1971; Goyer and Rhyne, 1973; 
Cramer et al, 1974). These bodies are composed of protein 
and lead (Sandstead et al, 1970a; Richter et al, 1968; Moore 
et al, 1973; Choie et al, 1975) and are thought to serve as 
a defence mechanism. They develop within 6 hours of lead 
administration and their formation is dependent upon de novo 
synthesis of protein (Choie et al, 1975). They disappear
with chelation therapy (Goyer and Wilson, 1975).
Dysfunction of proximal renal tubules (Fanconi syndrome), as 
manifested by glycosuria, aminoaciduria, and
hyperphosphaturia in the presence of hypophosphataemia and 
rickets was first noted in acute lead-poisoning by Chisolm 
et al (1955). Subsequently, Chisolm (1962, 1968) found the 
Fanconi syndrome in 9 of 23 children with acute lead 
encephalopathy. Following treatment, all abnormal findings,
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including rickets, disappeared in these children. Electron 
microscopic studies by Sun et al (1966) showed that lead 
causes mitochondrial changes that coincide with the onset of 
aminoaciduria. Vacca et al (1986) studied protein excretion 
in a population heavily exposed to lead, mercury and 
cadmium. They found that mercury and cadmium caused proximal 
tubular abnormalities (aminoaciduria, glycosuria and 
phosphaturia). Similar abnormalities were found in lead 
intoxication except that the nature of the proteinuria 
remains controversial. This indicates that the 
nephrotoxicity of cadmium and mercury are different from 
that of lead. This finding should alert investigators to 
look for other toxic agents in the environment.
Long-term exposure to lead may give rise to the second 
condition, chronic nephropathy, which is generally 
characterised as a slow, progressive degeneration of renal 
tissue with a concomitant decrease in renal function. The 
morphological features of chronic lead nephropathy consist 
of a progressive increase in interstitial fibrosis between 
tubules in the renal cortex with eventual loss of functional 
tubules (Morgan et al, 1966; Goyer, 1971; Weeden et al ,
1975).
One interesting feature of chronic renal failure is the 
frequent association with gout (Emmerson, 1963; Morgan et 
al, 1966; Bernard and Becker, 1988). The presence of both 
gout and chronic renal failure has proved to be a useful 
marker of chronic lead-poisoning from ”moonshine" 
consumption in New Jersey (Batuman et al, 1981) and in
Alabama (Hal la and Ball, 1982) from industrial sources in
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Germany (Behringer et al, 1986) and from childhood ingestion 
of paint in Queensland (Craswell et al, 1984). The high 
level of plasma urate is believed to be the underlying cause 
of the joint disease, and generally attributed to the lower 
renal clearance of urate and increased urate reabsorption 
rather than impaired tubular reabsorption (Bernard and 
Becker, 1988; Emmerson and Ravenscroft, 1975; Emmerson et 
al, 1971).
Clinical observations indicate that hypertension is rarely 
seen during the early phase of lead intoxication. Until 
recently, hypertension was considered to be secondary to 
renal damage in chronic lead poisoning (Choie and Richter,
1980). Certain histological changes in renal vessels have 
been invoked to suggest possible relations between chronic 
lead nephropathy and hypertension. Morgan et al (1966) 
reported that some patients with chronic lead poisoning had 
microscopic lesions in small arteries and arterioles. These 
lesions were most conspicuous in hyertensive patients. In 
Queensland, the incidence of hypertension was increased some 
15 years after acute lead poisoning in childhood (Inglis et 
al , 1978), yet no cause-effect relationship between lead 
nephropathy and hypertension was established.
There is now evidence to suggest that lead may play a 
primary role in hypertension through direct effects on 
arterioles and through metabolic processes relating to 
calcium metabolism (Weiss et al, 1986). Recently, Sharp et 
al (1987) and Bernard and Becker (1988) reviewed the 
relationship between chronic low lead levels and its role on 
hypertension. Epidemiological surveys of lead workers have
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shown a higher number of deaths than expected from chronic 
renal disease in South Australia ( M c M ic h a e l  and Johnson, 
1982), England (Davies, 1984), and the USA (Selevan et al, 
1985).
2.9.4 Cardiovascular system
An association between the degree of softness of municipal 
drinking water and the death rate from cardiovascular 
disease has been reported (Schroeder, 1966; Anderson et al, 
1969; Neri et al, 1971; Fabsitz and Feinleib, 1980; Goodner 
and Morris, 1971; Crawford and Crawford, 1967; Pocock et al , 
1980b; Biorck et al, 1965). Many factors associated with
water hardness may be responsible for the relationship with 
cardiovascular disease. Lead and cadmium are two of these 
features (Voors, 1979). Although, cadmium and lead have 
separate tissue predilections, both share an affinity for 
cardiac tissue (Berlin and Ullberg, 1963; Amacher and Ewing, 
1975; Thind and Fischer, 1975).
Clinical studies by Masironi et al (1972); Beevers et al ,
(1976); Speich (1982) and Voors et al (1973, 1982) have
supported the hypothesis that cardiovascular mortality has a 
close relationship with excessive presence of lead in aortic 
tissue.
Assessment of the possible role of lead in causing
hypertension must be considered with caution, because of its 
relationship with renal failure. If lead is a factor in 
hypertension, therefore, it might be either through direct 
action on the cardiovascular system or as an indirect
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consequence of renal effects. Hypertension is an important 
element in the aetiology of cardiovascular deaths (WHO, 
1977; Pirkle et al, 1985). A recent study by Elwood et al
(1988) found no evidence of an association between blood 
lead and either resting blood pressure or the rise in blood 
pressure during cold pressor tests. The rise in blood 
pressure during the cold pressor test has been shown in one 
study to be predictive of ischemic heart disease (Keys et 
al, 1971).
An experimental study of rats exposed to lead during the 
nursing period showed an increase in the sensitivity of the 
heart to noradrenaline-induced cardiac arrhythmias (Williams 
et al, 1977, 1983).
2.9.5 Reproduction system
Lead has an extensive history as a reproductive toxin, which 
exerts its effect either directly on the developing foetus, 
after gestation begins, or indirectly on paternal or 
maternal physiology before and during the reproduction 
process (Silbergeld, 1983). Several studies have been 
conducted on the association between lead exposure and 
sterility, abortion, stillbirths and neonatal deaths 
(Oliver, 1914; Lane, 1949; Gil let, 1955; Bryce-Smith, 1971), 
but little evidence is available as to whether subtoxic 
levels of lead affect fertility or cause foetal injuries in 
human. Several studies suggest that lead might increase the 
incidence of early membrane rupture and premature delivery 
(Fahim et al, 1976) and malformed births (Ferm and
Carpenter, 1967; Wibberley et al, 1977; Angel 1 and Lavery, 
1982).
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Lead is known to cross the human placenta as early as the 
twelfth week of gestation, and the total lead content in 
foetal tissues increases throughout pregnancy (Baumann, 
1933; Barltrop, 1969). A high correlation was found between 
lead concentration in maternal and cord blood (Barltrop, 
1969; Harris and Holley, 1972; Haas et al, 1972; Clark,1977; 
Cavalieri et al, 1978b; Alexander and Delves, 1981;
Zarembski et al, 1983; Troster and Schvartsman, 1988;
Sikorski et al, 1989). This suggests that infant tissues are 
exposed in utero to blood lead levels in proportion to those 
of the mother (Gershanik et al, 1974). Lead concentrations 
in cord blood are consistently lower than those in maternal 
blood (Barltrop, 1969; Buchet et al, 1978; Roels et al,
1978b; Schaller, 1976)..,
Additionally, lead exposure of the foetus can occur after 
parturition, through the mother's milk (Dillon et al, 1974; 
Chatranon et al, 1978; Larsson et al, 1981; Huat et al, 
1983; Rockway et al, 1984).
Experimental studies have shown that ingestion of lead by 
either parent may have an effect on reproductive 
performance. Both size and number of offspring are reduced 
(Cole and Bachhuber, 1914; Weller, 1951; Morris et al, 1938; 
Dalldrof and Williams, 1945; Schreoder and Michener, 1971; 
Hilderbrand et al, 1973; Stowe and Goyer, 1971; Der et al, 
1974). Congenital lead poisoning has been previously 
reported in newborns of women working in the lead industry, 
in association with lead from the consumption of alcohol and 
smoking (Palmisano et al, 1969; Nordstrom et al, 1978, 1979; 
Rabinowtz and Needleman, 1984; Ernhart et al, 1985a) or
where lead is used in utensils and cosmetics, such as in the 
Middle East (Ghafour et al, 1984; Acra et al, 1981; Shaltout
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et al, 1981. 1984; Fernando et al, 1981). Recent studies
have shown that low levels of lead exposure in utero may be 
related to deficits in both foetal growth (Bellinger et al, 
1987a; Dietrich et al, 1986, 1987, 1989; McMichael et al,
1986; Bornschein, 1986; Bornschein et al, 1989; Shukla et
al, 1989) and postnatal behaviour (Ernhart et al, 1986;
Bellinger et al, 1984, 1986. 1987b: see Section 2.9.2). Cord 
blood lead concentrations are associated in a dose-related 
manner with an increased risk for minor anomalies (Needleman 
et al, 1984).
2.9.6 Miscellaneous effects
The effects of lead on different organs have been reported 
by many investigators in both humans and animals. However, 
as shown in Table 2.9 the results are often contradictory.
Table 2.9 Miscellaneous effects of lead.
(1) Chromosome abberrat i ons
Positive finding Negative finding
Muro and Goyer(1969); Deknudt O ’Riordan and Evans (1974)
et al (1973); Forni et al (1976) Schmid et al (1972); 
Bauchinger et al (1976) Bauchinger et al (1972)
Nordenson et al (1978)
Xupel et al (1988)
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Table 2.9- continued.
(2) Carcinogenicity
Zollinger Cl953); Boyland et al Dingwal1-Fordyce and 
(1962); Van Esch et al (1962) Lane (1963); Cooper and
Shakerin et al (1965); Gaffey (1975); ICRP (1972)
Epstein and Mantel (1968);
Oyasu et al (1970); IARC (1980)
Cooper et al (1985)
(3) Endocrine system
Mahaffey et al,1982a; Rosen et al, 1980 
Saenger et al (1984);
Rohn et al (1982)
Huseman et al (1987);
Sandstead et al (1970b);
Slingerland (1955); Sandstead,
(1967); Sandstead et al (1969);
Robins et al (1983); Tuppurainen 
et al (1988); Siegel et al (1989)
(4) Gastrointestinal and respiratory systems
Beritic (1971); WHO (1980) 
Masjedi et al (1989)
138
2.10 IDENTIFICATION OF LEAD SOURCES USING THE STABLE 
ISOTOPE RATIO TECHNIQUE
The use of the stable lead isotope ratio technique can 
permit an accurate determination of the sources of lead in
blood and environmental samples. Three of the four isotopes
of lead, 206pb, 207p5 ancj 208P]-) are produced by the 
radioactive decay of 238p ? 235p anc| 232-p^ with half-lives of 
4.5, 0.7 and 14 billion years respectively. 204pb is
considered as a measure of the original lead present when 
the elements formed, since it is not produced naturally by 
any known radioactive decay process or by any other nuclear
reaction (Yaffe et al, 1983).
Environmental samples have different isotopic ratios and 
lead in the blood reflects the sources of exposure. Thus, by 
careful comparison of the isotopic ratios of the 
environmental samples with those of the blood, the lead 
source can be identified. Recent studies by Delves and 
Campbell (1988) and Campell and Delves (1989) were able to 
identify the source as well as the degree of exposure. 
Because of the time and degree of expertise required, the use 
of stable isotope ratios is not suitable for routine work.
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Several reports found correlations between lead isotope 
ratios in petrol and in urban air (Chow and Johnstone, 1965; 
Ault et al, 1970; Chow, 1973b; Chow et al, 1975; Manton, 
1977; Facohetti, 1979). A good relationship was found 
between lead isotope ratios in petrol, air dust, and soil 
and human blood (Manton, 1977; Facchetti, 1979; Yaffe, 1981; 
Yaffe et al, 1983).
In this study, attempts have been made to demonstrate the 
ability of the isotope ratio technique to identify the 
source of lead exposure in Saudi children.
CHAPTER 3 
MATERIALS AND METHODS
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During this study monitoring for lead exposure was performed 
using venous blood samples which were analysed for both lead 
and erythrocyte protoporphyrin. It is generally agreed that 
the measurement of lead in blood is one of the most reliable 
indicators of recent exposure to the metal.
3.1 MEASUREMENT OF LEAD IN WHOLE BLOOD
Procedures for the determination of lead in whole blood 
included measurements of test specimens, quality control 
samples and calibration standards. Whole blood diluted with 
a Triton X-100 solution was introduced into the furnace 
tube. The instrument was programmed to dry, ash and atomize 
the sample. Lead concentrations in the samples were 
determined by reference to a standard curve drawn from the 
readings of the whole blood calibration standards.
3.1.1 Apparatus
All blood lead analyses were performed using a Varian AA-975 
atomic absorption spectrophotometer with a lead hollow 
cathode lamp and a deuterium lamp for background correction, 
coupled to a GTA-95 electrothermal atomizer and a 
programmable sample dispenser. Graphite tubes were of the 
pyrolytic-coated type and had a life time of 100-150 
determinations. The programmable sample dispenser was used 
to introduce automatically the sample into the graphite 
tube. All items were purchased from Varian Techtron Pty. 
Ltd. Australia.
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Results were recorded using an Epson RX-80 printer (Epson 
America, Inc.). In addition to the above, the following 
equipment was used for sample preparation:
- Eppendorf Microcentrifuge Model No.5413.
- Eppendorf disposable microcentrifuge tubes of 1.5 ml 
cap>acity.
- Eppendorf pipettors with disposable tips 10, 100, and 1000 
ul capacity.
- Polypropylene sample vials of 2 ml capacity.
- Assorted glass-ware, volumetric flasks of 50, 100, 250 ml 
capacity.
Instrumental settings
Lead analysis was performed at a wavelength of 283.3 nm, 
with a 0.2 nm slit-width and 5 mA lamp current. Table 3.1 
describes the optimized heating programme for the 
determination of lead in whole blood which was recommended 
by the instrument manufacturer (McKenzie, 1982). The gas 
flow in and around the graphite tube was varied from 0-3 
1/min. The gas used was nitrogen except in steps 5 and 6 
where 0.5 1/min compressed air was introduced in order to 
facilitate ashing of the organic matrix. Deuterium 
background correction was used.
Quadruplicate determinations were made on all samples. If 
the range of the quadruplicates exceeded 10% of the mean, 
further replicates were performed.
Table 3.1 GTA-95 parameters for analysis of lead in blood.
Step
i
0(
D
O
B Time
(sec)
Gas Flow 
C1/min)
Gas
Type
Comments
1 75 2.0 3.0 No Dry stage
2 95 15.0 3.0 No
3 140 10.0 3.0 No
4 300 8.0 3.0 No Beginning of ashing
5 450 7.0 0.5 AIR Alternate gas Cair
6 480 10.0 0.5 AIR to facilitate ashing)
/ 480 5.0 3.0 n2
8 480 1.0 0.0 Gas stop
9 2600 1.1 0.0 At om i zat i on st age
10 2600 1.0 0.0
11 2600 2.0 3.0 n2 Tube clean
Read command step 9 to 11
Ramp step = 9
The programme of the GTA-95 automatically rinsed the teflon 
capillary of the dispenser with approximately 1 ml of 
double- distilled water between each analysis. To avoid 
gradual build-up of the ash in the graphite tube which would 
decrease the sensitivity, it was necessary to clean it by 
high temperature high gas flow firing (step 11 in the 
programme).
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3.1.2 Reagents
Throughout this study high purity double-distilled reverse 
osmosis purified water (subsequently referred to simply as 
water) was used. This water had no measurable lead content. 
Triton X-100 ( Alkylaryl polyether alcohol-J.T. Baker
Chemical CO. Phi 11ipsburg, NJ) 2% (v/v) was prepared freshly 
each day by dilution of 5 ml of Triton X-100 to 250 ml with 
water.
A certified atomic absorption standard lead reference 
solution (1 mg/ml) Fisher Scientific Company, USA was used 
to prepare a 1.21 umol/1 (25 ug/dl) aqueous standard in 50 
ml of the Triton X-100 solution. Aristar grade nitric acid 
was used (BDH Chemicals Ltd. Poole, specific gravity 1.412 
to 1.417 g).
3.1.3 Sample collection and control of contamination
At the beginning of the screening programme, collaboration 
was established with the Outpatient Haematology Laboratory 
at the King Faisal Specialist Hospital and Research Centre, 
to obtain samples from paediatric patients. Blood samples 
were collected by venepuncture into Vacutainer tubes 
containing 10.5 mg of K3-EDTA (tripotassium-ethylene 
diaminetetraacetatic acid) as anticoagulant (Lavender 
stopper-Becton Dickenson Co., Rutherford, N.J.) and stored 
at 4°C. Further collaboration was established with the King 
Faisal Specialist Hospital Blood Bank and with paediatric 
outpatient clinics in various other hospitals (Maternity and
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Childrens Hospital, Riyadh Military Hospital and Arar 
Central Hospital) using the same Vacutainer EDTA tubes for 
blood collection.
Studies of commercially available blood collection tubes had 
previously shown that blood as well as diluted nitric acid 
might extract lead from certain tubes, in quantities which 
would invalidate the measurement of the metal in samples 
within the normal blood concentration range (Nackowski et 
al, 1977; Subermanian et al, 1983; Anand et al, 1975;
Meranger et al , 1981). Also, it is possible that
anticoagulants used in the tubes may be a significant source 
of contamination (Nackowski et al, 1977; Meranger et al ,
1981). Therefore, it was considered essential at the 
beginning of this study to test the contribution of blood 
collection tubes to the measured lead concentration. The 
level of lead contamination considered as unacceptable for 
this study was more than 1 ug/dl whole blood, which would 
constitute about 10% error to the mean of screened Saudi 
children (10.38 ug/dl whole blood, see Chapter 4).
Twenty-one tubes were filled with whole blood that had an 
initial concentration of 4.7 ug/dl. Fig.3.1 shows transfer 
of lead from the container into the blood occurred within 
the first two days. However, a drop in the blood lead 
concentration occurred on the seventh day. Testing the data 
statistically (paired t-test) indicated that results on Day 
2 were significantly different from those on Day 0 and Day 7 
(p < 0.005, p < 0.02). This significant decrease in the
amount of leachable lead on Day 7 may be due to the re­
adherence of lead on to the glass. The maximum amount of 
lead leached from the tubes was equivalent to about 0.4 
ug/dl whole blood, this was considered acceptable as it was 
less than the level of 1 ug/dl taken as the limit for
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contamination. An additional test was conducted using 0.5% 
nitric acid, where the maximum amount of lead leached from 
the tubes was less than 0.2 ug/dl. This was considered not 
to be important.
To ensure complete freedom from contamination, all plastic 
sample vials and glassware were stored in nitric acid (2 
mol/1) for at least two days and then rinsed with water and 
dried in air before use.
3.1.4 Method
One volume of whole blood (usually 100 ul) was mixed with an 
equal volume of aqueous 2% (v/v) Triton X-100 solution in an 
Eppendorf microcentrifuge tube and mixed using a vortex 
mixer for about 30 seconds. This rapidly produced complete 
lysis of the red blood cells and the haemolysed sample was 
centrifuged at 10000 rpm for 1 minute. The supernatant was 
transferred to a polypropylene sample vial and 5 ul of the 
clear supernatant liquid injected into the graphite furnace. 
Where high absorbance readings were obtained, further 
dilutions were made with 2% (v/v) Triton X-100. A study by 
Shamberger (1983) reported that analysis of both human and 
bovine blood (CDC reference material) showed greater 
sensitivity and reproducibility when Triton X-100 was used 
as the diluent.
Recovery was studied by addition of known amounts of lead 
nitrate to several blood samples. In this study the recovery 
of the added lead was expressed as a percentage. The 
analytical recovery for lead at the various concentrations 
tested was 95.2-101.5% which was thought to be satisfactory 
(Table 3.2).
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Table 3.2 Recovery of lead added to human blood.
Lead added 
(ug/dl>
Lead recovered 
(ug/dl)
Recovery 
percentage(%)
2.5 2.38 95.2
5.0 5.00 100.0
10.0 10.15 101.5
20.0 20.22 101.1
25.0 24.61 98.4
30.0 29.68 98.9
Precision was assessed from the within-day and day-to-day 
variation of the analysis of lead in human blood samples 
expressed as the percent relative standard deviation (RSD). 
Table 3.3 gives the results of the within-run and between- 
run precision for various concentrations of blood lead. In 
both cases, the precision varied between 3.2 and 6.7%, 
depending on the blood concentration, and these results were 
used in the assessment of the statistical significance of 
results obtained throughout the study.
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Table 3.3 Precision at various concentration of lead in 
human blood samples.
Mean
(ug/dl)
SD RSD
(%)
Within-run precision
6.21 0.31 5.0
9.12 0.37 4.1
13.25 0.69 5.2
40.71 1.24 3.0
60.17 2.76 4.6
80.23 3.12 3.9
Day-to-day prec i s i on D
8.95 0.60 6.7
11.06 0.60 5.4
37.02 1.18 3.2
39.44 1.38 3.5
77.06 2.95
"rrVTX.—— 'rTTT':
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D based on five measurements over a three-month period.
3.1.5 Standards
Calibration standards were prepared each day using a manual 
standard addition procedure recommended by Brodie and Routh 
(1984). Fresh venous blood samples (obtained from the 
Hospital Blood Bank) were divided into six equal portions.
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Known amounts of aqueous lead solutions were added to these 
to give final concentrations which covered the range 0 to 30 
ug/dl (0-1.45 umol/1).
The standard samples were diluted for analysis under 
conditions identical to those used for the unknown samples. 
The absorbance for the endogenous blood (blank) was 
subtracted from the absorbance values of the working blood 
standards and the standard curves were constructed by 
plotting the concentration versus the absorbance using 
linear least square regression analysis. The standards were 
assayed and run at different times during the day. There was 
a good linear relation between absorbance and blood lead 
concentration. Linearity was evaluated by calculating the 
correlation coefficient which was 0.9998 for blood lead 
concentrations in the range 2.5 to 20 ug/dl, 0.9993 for 
blood lead concentrations of 2.5-25 ug/dl, and 0.9992 for 
blood lead concentrations at 2.5-30 ug/dl (Fig.3.2 a,b,c). 
Linearity was lost at concentrations greater than 30 ug/dl.
3.1.6 Quality assurance
Quality assurance programmes were established prior to 
starting the actual screening programme for lead exposure. 
The main concern of the programme was to check the accuracy 
of blood lead measurements and to evaluate the performance 
of the method. This analytical quality assurance (QA) 
involved both internal quality control IQC (using samples 
with known concentrations of lead) and external quality 
assessment EQA (using samples with unknown concentrations of 
lead).
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Fig 3.2 Calibration curves for lead standards.
t
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Fig 3.2 - continued.
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Internal quality control
Blood samples spiked with a known concentration of lead were 
prepared as follows. Blood (200 ml) was collected from a 
volunteer using EDTA as anticoagulant (1 mg/ml), and was 
divided into two equal portions. A and B. From portion A, 
aliquots of 1 ml were dispensed into polypropylene lead-free 
tubes and kept at -20°C. These represented the unspiked 
samples. To 99 ml blood from portion B, 1 ml of 25 ug/ml 
lead solution was added and mixed for 3 hours. Then aliquots 
of 1 ml were dispensed into polypropylene lead free-tubes 
and stored at -20°C. These represented the spiked samples. 
The IQC samples were analysed each day using the following 
procedure. One aliquot of each sample (spiked and unspiked) 
was included before and after the standards and thereafter 
following every set of six unknown samples according to the 
scheme below:
Sequences repeated 
to include al1 
unknown spec i mens 
in the batch
The IQC samples were prepared for analysis by the same 
procedure used for the unknown and standard samples. During
2IQC
4
Ca1i brat i on Curve
4
2IQC
4
6-Unknown Samples
t
2 IQCII
•
Ca1i brat i on Curve
4
2IQC 
End of The Run
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this study the internal quality control samples were 
prepared twice, using blood from two different volunteers, 
classified as batch 1 and 2.
Evaluation of laboratory performance was assessed by 
plotting on a Shewhart chart. The calculation of the overall 
mean and standard deviation employed results from several 
preliminary runs. Inspection of the results plotted on the 
chart indicated if there was any persistent positive or 
negative bias (Fig.3.3 and 3.4). If any value moved outside 
of the range, + 2 standard deviations from the mean, the run 
was rejected. This system for IQC is widely used inclinical 
chemistry laboratories.
External quality control
This involved the participation in the External Quality 
Assessment Programme of the University of Surrey. The 
programme is organized so that blood samples, with unknown 
concentrations of lead are sent to participants (each 
identified bv code numbers), to be analysed by their regular 
methods. The samples consisted of human blood collected with 
EDTA as anticoagulant, haemolysed by addition of saponin and 
sterilized by gamma-irradiat ion. This method was described 
by Taylor and Briggs (1986) and Taylor (1988). The programme 
is based on a succession of six-month cycles which commence 
in April and October each year. Every month, three blood 
samples are sent by the University to each participant, to 
give a total of 18 specimens per cycle. For this project the 
samples were analysed in conjunction with survey samples 
under exactly the same conditions. To ensure inclusion in 
the report the results were sent to the organizers by telex.
fFig. 5.6 Long bone X-rays Ji two children 
with two di st. inct. / lead lines 
indicating two episodes of lead 
exposure.
Fig 3.3 Shewhart chart of IQC . 
a. Unspiked blood samples (batch 1).
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Fig 3.4 Shewhart chart of IQC.
a. Unspiked blood samples (batch 2).
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The total number of external quality control samples 
analysed during the period of this project was 63. Results 
from all the laboratories were evaluated by an initial 
calculation of the mean and standard deviation. Any results 
outside the range mean + 3SD were rejected from further 
calculations. Two reports were sent by the University to 
every participant:
(i) The monthly report which presents the concensus mean, 
standard deviation and coefficient of variation, and 
histogram of the distribution of results (Fig.3.5).
(ii) The six-monthly report which illustrates the 
performance in terms of proximity to the consensus median, 
precision of duplicate analyses and recovery of added lead, 
for all specimens received over the last six months.
The method of Vahter and Friberg (1983) was used to 
calculate the regression line of results versus the 
consensus mean values and to establish an acceptable 
criterion based on how much the line deviated from the ideal 
(y=x). In establishing EQA for a WHO programme these authors 
proposed that a regression line with some deviation from the 
ideal (y=x) would be accepted and it was considered that a 
somewhat higher deviation at the lower range of x-values 
should be allowed. The limits for maximum allowable 
deviation (MAD Line) for lead in blood from the regression 
line y=x was as follows (where results are expressed in 
ug/ 1):
y = x + ( 0.lx + 20 )
Fig.3 .6 shows the two MAD lines drawn from this formula and 
the current regression line with its data points. The line 
fits well between the MAD limits.
Fig.3. 5 External quality control monthly 
report for lead in blood.
159
i 0 r ? « C M r - i o O 0 0 ! > < 0 ' 0 ^ « W H  
T-ti—  rH —  —  —  O O C J O O O ' C O O
u=
CL
rc
"IT
UL
t::
c:
c:
c:
r:
10
SKfCO
o
s
c
CM U<
o
o o
o co
o CO o rH to to
CO IO o o CO •
CM to to CM t> •p  ^ CO
o CO CO CO i1" ^ CO
CO o 1—1 CO 3. • - • CO
05 ■p CO CO o to 3 CO
CM CM 3 O •p
3 -P i—H
CO Cm 3
u 3 O O CO
uJ cc 3 CO 3
0- 3 3 CO 3
s u 3 *M . • fcxO •
< 3 3 •3 Q > 3 O •
CO o <15 3 • • 3 O
>• S CO o OS *5 'to
Fig 3.6 Results for external quality control 
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3.2 MEASUREMENT OF ERYTHROCYTE PROTOPORPHYRIN
Since the early 1970s, measurement of erythrocyte 
protoporphyrin CEP) has been widely used to screen for lead 
toxicity and iron deficiency anaemia in children. For this 
purpose many improved and simplified fluorometric methods 
have been developed for EP determination (Piomelli, 1973a,b; 
Granick, 1972; ChisaLm, 1974a,b; Harada, 1979). During this 
study, two different fluorometric methods for the 
measurement of protoporphyrin were used. One measured total 
protoporphyrin extracted from erythrocytes into
ethylacetate/acetic-acid, re-extracted into hydrochloric 
acid and determined using a spectrofluorometer. The other 
measures the zinc complex of protoporphyrin with a direct- 
reading portable fluorometer (haematofluorometer) with no 
pre-treatment of the blood samples.
3.2.1 Extraction method
Methods for protoporphyrin determination have been used 
since the 1930s to study disorders of haem synthesis. These 
classical methods involve acid extraction of the blood 
followed by fluorometric determinations of protoporphyrin in 
the extract. The methods are time consuming and require 5 to 
15 ml of venous blood (Schwartz, 1960; Wranne, 1960). In the 
early 1970s simple and reliable micro-extraction techniques 
for EP measurements in 20 ul blood samples were developed. 
Hanna et al (1976) evaluated four fluorometric methods for
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EP determination: double extraction with ethyl acetate/
acetic-acid-HCl (Piomelli, 1973a), single extraction with 
ethanol (as described in a personal communication by 
Murphey), single extraction with acetone (Chislom, 1974) and 
direct solubilisation with detergent-buffer (Lamola, 1975). 
The ethylacetate and ethanol procedures gave a satisfactory 
recovery of protoporphyrin, whereas the acetone procedure 
gave low recoveries and the detergent-buffer method was 
subject to haemoglobin interference.
In this study protoporphyrin in whole blood was determined 
by extraction and spectrofluorometric measurements.
3.2.2 Reagents
1. Extraction solvent: This was prepared by addition of four 
parts of ethylacetate (Fisher Scientific, Rochester NY) to 
one part of glacial acetic acid (ACS grade, MCB Reagents, 
MCB Manufacturing Chemicals). Ethylacetate was redistilled 
and stored in a brown bottle.
2. Hydrochloric acid 1.5 M: 125 ml of concentrated HC1 (ACS, 
Fisher Scientific) was diluted to one litre with water and 
stored in a brown bottle.
3. Celite in saline solution 3.3% : 3.3 g of celite
(Diatmaceous Earth Grade I, Sigma Chemicals Co., St. Louis, 
MO) was suspended in 100ml of 0.9% (w/v) sodium chloride 
solution. This suspension was used to facilitate the 
transfer of the ethylacetate extract (Piomelli, 1977).
4. Protoporphyrin IX Standard : Preweighed vials containing 
exactly 5 ug of protoporphyrin IX were commercially 
available (Porphyrin Products, Logan, Utah). A
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protoporphyrin IX solution was prepared by adding 100 ul of 
the special solvent (Protosolv) supplied with the vial, 
mixed thoroughly and allowed to stand for 10 min. Then 10 ml 
of 1.5 M HC1 was added and mixed for 10 min. This standard 
was used within 60 min of preparation. Because 
protoporphyrin IX in HC1 solution is photosensitive, 
protection from light was essential. This standard was used 
for periodic calibration of the instrument.
5. Coproporphyrin III standard: A 10 ml solution of 0.5
ug/ml coproporphyrin III concentration in 1 M HC1 was 
obtained from Porphrin Products. This standard was 
recommended to be used for daily instrument calibration 
because it was stable for an extended period of time.
3.2.3 Equipment
1. A Fluorescence Spectrophotometer Model MPF-44B (Perkin 
Elmer Co. Norwalk, Ct) equipped with xenon source lamp and 
standard cuvette holder was used. Excitation and emission 
wavelengths were set at 400 and 600 nm respectively. Slit 
widths of 20 nm were used for both excitation and emission 
light.
2. A Varian Cary 210 Spectrophotometer (Cary division, 
Varian Assoc., Palo Altn. Calif.) was used for all 
absorbance measurements.
3. Centrifuge.
4. Eppendorf pipettes with disposable tips.
5. Vortex mixture.
6. Disposable glass test tubes 12 x 75 mm (American 
Scientific Products, McGawpark, IL 60085) for extraction.
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3.2.4 Instrumental standardisation
Because of the instability of protoporphyrin in aqueous 
solution, copropophyrin was used as a standard for routine 
analysis. Correction factors were determined relating the 
fluorescence of the coproporphyrin standard to the measured 
protoporphyrin in the unknown samples. This factor was used 
to compensate for the difference in the fluorescence 
intensities of coproporphyrin and protoporphyrin. 
Standardisation of the instrument was usually performed 
before the analysis of the unknown samples using the 
modified method of Piomelli (1973a) as described in a 
personal communication from the State Laboratory of Hygiene, 
Madison).
Calculations of the correction factors
To determine the correction factor for the deviation between 
the two concentrations of standards. Piomelli’s modified 
method (1973a) was used. The concentration ratio (CR) for 
each porphyrin was determined by dividing the actual 
absorbance of the standard solution by the expected 
absorbance of a 0.5 ug/ml solution. The protoporphyrin IX 
concentration ratio was calculated by measuring its 
absorbance in 1.5 M HC1 at 408 nm in the spectrophotometer 
using a millimolar absorptivity of 0.241.
An absorbance of 0.2143 was expected for a protoporphyrin IX 
(molecular weight of protoporphyrin = 562.3) standard
concentration of 0.5 ug/ml.
Similarly, copropoprphyrin which has a millimolar 
absorptivity of 0.47 was standardized by measurement of the 
absorbance in 1 M HC1 at 401 nm. An absorbance of 0.359 was
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expected for a coproporphyrin standard concentration of 0.5 
ug/ml (molecular weight of coproporphyrin = 654.7).
A correction factor for the relative fluorescence of 
coproporphyrin versus protoporphyrin (CF) was calculated as 
follows:
Duplicate aliquots of 0, 20, 40, and 60 ul of coproporphyrin 
standard solution were dispensed into disposable glass 
tubes. The volume was made up to 100 ul with water. A 
similar set of tubes was prepared for protoporphyrin. The 
final concentrations were 0, 100, 200 and 300 ug/dl of both 
coproporphyrin and protoporphyrin. Extraction solvent (1.5 
ml) was added to each tube and mixed using a vortex mixer 
for 10 seconds. Another 1.5 ml of 1.5 M HC1 was added, and 
mixed for 10 seconds. The mixture was allowed to separate 
and the fluorescence intensity of the complete preparation 
was read after zeroing the instrument against the blank 
preparation. The least-squares slope for both sets of 
standards was calculated. The slope was divided by its 
relative (CR) factor in order to obtain the slope corrected 
to the actual concentration of the standards. The correction 
factor (CF) was given by dividing the corrected 
coproporphyrin slope by the corrected protoporphyrin slope 
as shown below:
Standard Slope
Corrected slope for coproporphyrin = ------------------
Coproporphyrin CR
Standard Slope
Corrected slope for protoporphyrin = ------- ----------
Protoporphyrin CR
corrected slope for coproporphyrin
CF  ---------------------------------------------
corrected slope for protoporphyrin
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3.2.5 Blood Samples
The paediatric blood samples which were used for lead 
analysis were stored in the dark at 4°C. The determination 
of erythrocyte protoporphyrin in those samples was performed 
within one week of collection.
3.2.6 Method
Erythrocyte protoporphyrin was measured by the CDC 
modification of the method described by Piomelli (1973a). In 
a small glass test tube, 10 ul of blood was mixed well with 
150 ul of 3.3% celite suspension in saline. Then 1.5 ml of 
the extraction solvent was added, mixed for 10 seconds and 
centrifuged for 1 min at high speed. The celite-protein 
sediment adhered firmly to the bottom of the tube and this 
allowed the supernatant to be transferred into another test 
tube to which 1.5 ml of 1.5 M HC1 was added. The solutions 
were mixed for 10 seconds, the mixtures allowed to separate, 
and an aliquot of the lower aqueous phase transferred into 
the fluorometer cuvette for measurement. All mixing steps 
were carried out using a vortex mixer.
3.2.7 Working standards
Aliquots of 0, 10, 20, 30 and 40 ul of coproporphyrin
standard solution (0.5 ug/ml) were pipetted into five 
additional test tubes. The volume was made up in each tube
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to 160 ul with water to give final concentrations of 0, 50, 
100, 150 and 200 ug/dl. An aliquot of 1.5 ml of the 
extraction solvent was added followed by 1.5 ml of 1.5 M 
HC1, and the tubes were mixed for 10 seconds. The 
fluorescence of the lower phase was read. The least-squares 
slope for the standard curve was calculated by plotting 
fluorescence against the concentration of coproporphyrin. 
These standards were prepared freshly on the day of 
analysis. The concentration of protoporphyrin in ug/dl of 
whole blood was calculated according to the following 
formula:
EP = fluorescence of sample X K (constant)
CR for coproporphyrin X CF
where K = --------------------------- ---------
Slope of coproporphyrin standard
3.2.8 Haematofluorometer
Haematofluorometers have been widely used in the last few 
years because of their speed, simplicity and reliability in 
surveys to determine lead exposure. Therefore, to increase 
the number of children screened for protoporphyrin 
elevation, a haematofluorometer was used during this study.
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3.2.9 Method
Zinc protoporphyrin in blood was determined with an Aviv ZP 
Haematofluorometer Model 206 (Aviv Biomedical Inc. 810 
Towbin Avenue, Lakewood, NJ 08701). The method used was that 
recommended in the ZPP haematofluorometer manufacturers 
manual. Venous blood was agitated gently in air until the 
haemoglobin was fully oxygenated. A clean glass cover slip 
(Corning No.1 25 x 25mm) was placed into the sample
compartment and its blank fluorescence reading was measured. 
If the reading was more than + 0 . 3  the cover slip was 
cleaned with methanol. Whole blood, 25 ul, was placed on the 
centre of the cover slip with an Eppendorf pipette and the 
reading initiated. The concentration, as ug ZPP/ g Hb, was 
recorded after subtraction of the blank reading. All samples 
were measured in duplicate. Following the discussion between 
the manufacturers and the CDC it was agreed to establish a 
formula to convert the reading in ug ZPP /g Hb to ug /dl 
erythrocyte protoporphyrin (personal communication by Aviv 
Biomedical Incorporated). The concentration of haemoglobin 
in blood was determined for every sample (as described in 
Section 3.3) and used in the correction formula which also 
taken into account the difference in the molecular weight 
between zinc protoporphyrin (623) and erythrocyte 
protoporphyrin (563).
563
Erythrocyte protoporphyrin = Haemoglobin X ----- X ZPP
623
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Sets of three blood controls with known zinc protoporphyrin 
concentrations determined by a reference laboratory were 
obtained from Bristol Industrial and Research Associates 
Ltd. Portishead, Bristol. During this study two sets of 
blood controls were used. These controls were measured at 
the beginning and end of the day and after every 20 
determinations, over intervals of several months. They were 
used to evaluate the precision of the haematofluorometer 
from day to day. Fig.3.7a shows that the first batch of zinc 
protoporphyrin controls gave consistent results throughout 
the 5 months of use. The zinc protoporphyrin concentrations 
in the second batch of controls started to decrease after 
five months (Fig.3.7b). The relative standard deviation 
(RSD) of the first quality control set were 2.2%, 2.2% and 
2.6% for 13.7, 6.9 and A.5 ug ZPP/g Hb respectively. The 
second quality control RSDs were 3.6%, 3.7% and 3.3% for
9.2, 6.8 and 3.6 ug ZPP/g Hb respect ively. The
haematofluorometer performed satisfactorily for zinc 
protoporphyrin determinations.
3.2.10 Comparison between extraction and haematofluorometer 
methods
Haematofluorometers have been used widely in the last 10 
years for lead screening programmes, because of their 
important operational advantages. They have been designed to 
give a quick estimate of erythrocyte protoporphyrin. For 
more accurate results the alternative conventional 
extraction methods are used. During this study both methods 
were used to determine erythrocyte protoporphyrin. To
Fig 3. Haematofluorometer s tab i l i ty  over time with 
whole blood quality control samples stored 
at 4°C.
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evaluate the performance of the haematofluorometer, 
erythrocyte protoporphyrin in 97 blood samples was measured 
by both the extraction procedure and the haematofluorometer. 
Correlation analysis was carried out on the data. Prior to 
this analysis, the data were checked for the possibility of 
extraneous outliers by residual analysis the regression. 
Fig.3 .8 shows the standardised residual plot for the 
haematofluorometer readings plotted against the extraction 
data. Points with a standardised residual of more than 2.5 
standard errors from the regression line were omitted. This 
resulted in the omission of 5 points as illustrated in 
Fig.3.8. Two points had higher extraction readings than 
those measured with the haematofluorometer, whereas the 
others had lower readings. Regression analysis of the data 
in Fig.3.9 revealed an excellent correlation (r = 0.958)
between the two methods after the omission of outlier 
points. However, 60.9% of the samples had significantly 
higher erythrocyte protoporphyrins measured by the 
extraction method than the corresponding zinc protoporphyrin 
data measured using the haematofluorometer.
3.3 HAEMATOLOGICAL STATUS
It was established that iron deficiency can contribute to 
the elevation of erythrocyte protoporphyrin concentrations 
(Yip, 1981; Yip et al, 1983; Yip and Dallman, 1984b) in the 
blood. Therefore determination of haematological parameters 
in all screened children was used to diagnose iron 
deficiency. The following analyses were performed: 
haemoglobin, haematocrit, red blood cells, white blood 
cells, mean corpuscular volume, mean corpuscular haemoglobin 
and mean corpuscular haemoglobin concentration using an
Fig.3.8 Plot of standardised residuals versus 
erythrocyte protoporphyrin values 
measured with the extraction method.
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Fig 3.9 Correlation plot of erythrocyte protoporphyrin 
values obtained by an extraction method versus 
values obtained by haematofluorometer.
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automated Coulter Counter (Coulter Electronics Inc.. 590 
West Twentieth Street Hialeah, FL 33010) in the Pathology 
Department of King Faisal Specialist Hospital and Research 
Centre. Performance of the machine was monitored using two 
types of quality control checks. Periodic (hourly) checks 
for the detection of calibration drift were performed by 
analysis of aliqouts of previously assayed single batches of 
human blood collected from the Blood Bank. The second QC 
check was with commercially prepared reference blood samples 
"4°C Plus-Normal and "4°C Plus-Abnormal", Coulter Counter 
Cell Control (Coulter Diagnostics Department).
Serum iron was measured only in children with elevated lead 
levels. Additional blood samples (2 ml) were collected in 
order to obtain serum which was separated from the clot 
after centrifugation. The assay was performed by a 
colorimetric method (Randox Laboratories Ltd. Ardmore, 
Northern Ireland) in the laboratory of the Arar Central 
Hospital. Microscopic examination of red blood cells for 
basophilic stippling was performed only for those children 
with elevated lead levels. Blood smears were scanned for 1-2 
minutes under oil immersion. Basophilic stippling was 
recognized as basophilic aggregates of fine or coarse 
granules distributed within the red blood cells.
3.4 ENVIRONMENTAL INVESTIGATION OF LEAD
In order to identify sources of lead exposure in early 
childhood, environmental investigations were conducted to 
study the relationship between childhood lead burden and
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various environmental factors. The environmental samples 
obtained for lead analysis included air, soil, house-dust, 
water and various traditional cosmetics and remedies.
3.4.1 Atmospheric lead sampling method
Air was drawn through a portable sampling pump (Gilian High 
Flow Sampler Model HF S113 UT, Wayne, NJ. 07470) adjusted to 
2 1/min flow rate. The sampler was fitted with a cassette 
containing a mixed cellulose ester membrane filter with a 
0.8 urn pore size (Millipore Corp.). It was located at a 
distance of 1 metre from the edge of the road pointing 
toward the street with the vertically positioned filter head 
at a height of 1.5 metre above ground level. The air samples 
were collected at different dates during the working days of 
the week. At the end of the sampling period (480-960 min.) 
the pump was disconnected. At the beginning and end of each 
sampling period the pump flow rates were checked using a 
Buck calibrator (Gilian Instrument Corp.) and the time noted 
before and after the running of the pump. The cassette was 
removed and the filter transferred into a clean petri-dish 
and returned to the laboratory. The filters were transferred 
to 25 ml conical flasks and 2 ml of concentrated nitric acid 
added. The sample was digested on an electric hot plate 
(80°C) until the filter dissolved. After cooling, the 
solution was transferred to a test tube and diluted to 10 ml 
with water. Blank filters were included throughout the 
analysis and were treated in the same fashion as the test 
samples. The amount of lead determined in the blank filter 
was subtracted from that found in the sample. This allowed 
the data to be adequately corrected for any contamination. A
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lead standard solution Cl ug/ml) was prepared in 20 % (v/v) 
nitric acid solution. Working solutions were made up in the 
range 0.01 to 0.1 ug/ml using 20% nitric acid solution. All 
samples were analysed by electrothermal atomic absorption 
spectrophotometry (as described in Section 3.1.1). The 
injection volume was 5 ul. Table 3.4 summarizes the furnace 
conditions for lead determination as recommended by the 
manufacturer. Deuterium background correction was used for 
all the measurements.
Table 3.4 GTA-95 parameters for analysis of lead in aqueous 
samples.
Step Temp. 
C°C)
Time Gas Flow 
(Sec) (1/min)
Gas Type
1 75 5,.0 3.,0 N?
2 90 60,.0 3. 0 No
3 120 10,.0 3. 0 N2
4 120 2 .0 0.0
5 2000 1 .0 0,.0
6 2000 2,.0 0.,0
“7/ 2000 1 .0 3,.0 n2
Wavelength = 
Slit width =
283.
0.2
.3
nm
Lamp current = 5 mA 
Background correction = on
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A calibration curve of the absorbance versus concentration 
was drawn and the concentrations of the unknown samples were 
read from the calibration graph. The concentration of lead 
expressed in micrograms per cubic metre was calculated 
according to the following formula as recommended by MDHS6 
1981:
Vs
Concentration of lead in the air = Cs - Cb X ---- X 1000
(ug/mJ) Va
Cs : concentration of lead in the sample solution 
Cug/ml)
Cb : concentration of lead in the blank solution (ug/ml) 
Vs : volume of sample solution (ml)
Va : volume of air sample (litres)
The accuracy of the method was determined by measuring the 
recovery of lead added to blank membranes (Table 3.5). These 
spiked filters were run with the test samples and blanks 
using the same analytical procedure.
Table 3.5 Recovery of lead from the spiked millipore filter 
(0.8 um pore size).
Spiked value Determined value Recovery
(ug) (ug) (%)
0.25 0.26 104
0.5 0.49 98
1.0 0.98 98
2.0 1.92 96
4.0 3.92 98
6.0 5.67 95
8.0 7.98 100
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3.4.2 Soil and house-dust sampling
Between 2 and 6 soil samples were taken at various locations 
from the same sites where the air sampler was placed. Soil 
samples, approximately 100 g. were collected with a soil 
auger to a 10 cm depth including the top layer, from each 
location, and samples were kept in clean polythene bags. 
After removal of stones the samples were ground with a 
mortar and pestle and oven dried at 80°C overnight. Dried 
samples were kept in a vacuum desiccator at room temperature 
until analysis.
Approximately 0.1 g of the prepared soil was accurately 
weighed and treated with 10 ml concentrated nitric acid in a 
50 ml beaker covered with a watch glass. After heating at 
100°C on a hot-plate for 2h. the mixture was allowed to cool 
to room temperature and 3 ml of 30% hydrogen peroxide 
(Fisher Scientific Co.) added and the mixture heated for one 
hour. The cool digested samples were filtered through filter 
paper (Whatman No.541) and diluted with water to 50 ml in 
polypropylene bottles. Standard solutions of five different 
concentrations (0.01 to 0.1 ug Pb/ml) were used to establish 
a calibration curve. Samples and standards were analysed by 
electrothermal atomic absorption spectrophotometry as 
descr i bed i n Sect i on 3.1.1.
House-dust samples were brushed from the surface of the 
furniture into clean polythene bags. A similar procedure was 
followed for house dust analysis. Results for both soil and 
dust were expressed as microgram of lead per gram of soil or 
dust. Methods for collection and analysis of soil and house- 
dust were described in a by personal communication from the 
information and advisory service, TUC Centenary Institute. 
London School of Hygiene and Tropical Medicine.
179
3.4.3 Water sampling
Tap water samples were collected at random and stored in 50 
polyethylene bottles previously washed in nitric acid. The 
water was acidified with 50% (v/v) nitric acid to bring the 
pH to 2.5 + 0.3, as acidification minimized the adsorption
of lead onto the walls of the container. During this study 
two separate methods were used for water analysis:
1. Chelation - Solvent Extraction:
Ten ml of each water sample were transferred into a tube and 
1 ml of 1% (m/v) ammonium pyrrolidine dithiocarbamateus-
(APDC, Spectrosol-BDII) added, followed by 5 ml of 4-methyl 
iso-butyl ketone (MIBK, Koch Light Ltd. Haverhill, Suffolk, 
England). The mixture was shaken vigorously for 1 min and 
allowed to stand for 3 min to allow the two phases to 
separate. Aqueous standards were extracted with APDC/MIBK to 
yield concentrations in MIBK of 0.005, 0.01, 0.02 and 0.03 
ug/ml lead. Five ul of the organic phase were injected into 
the graphite furnace. This method had been described 
previously by Mitcham (1980).
2. Evaporat i on:
In this method pre-concentration of the water samples was 
achieved by boiling on a hot plate, 50 ml of acidified water 
samples until the volume was reduced to 2 ml (Kaphalin et 
al, 1983; Farey and Nelson, 1982). The lead content in these 
samples was determined directly by electrothermal atomic 
absorption spectrophotometry. Concentration of lead in water 
was expressed in micrograms per litre. Standards were 
prepared in water acidified with nitric acid.
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3.4.4 Analysis of traditional cosmetics and remedies
Fourteen traditional medicines and cosmetic samples were 
obtained from the local herbalist in the Riyadh markets. 
Eight of those samples were different kinds of kohl (applied 
to eyelid), three samples were of Bokhoor (collected from 
different shops) and the rest were varieties of medicines 
recommended for different application.
Samples were ground with a mortar and pestle and oven-dried 
overnight at 100-105°C. A weighed sample of approximately 
0.1 g was reacted with 10 ml of concentrated nitric acid in 
a 50 ml beaker covered with a watch glass. The mixture was 
heated with stirring overnight on an electric hot plate at 
80°C. The digestate was filtered (Whatman No.541) and the 
volume made up to 100 ml with water and kept in a poly­
propylene bottle at 4°C. Five ul aliquots of the samples and 
aqueous standards were injected into the graphite furnace. 
Lead contents were expressed either as a percentage ( g /100 
g) or as milligram per gram.
3.5 PLASMA SOURCE MASS SPECTROMETRIC ANALYSIS
Lead isotopic ratios were determined by inductively coupled 
plasma source mass spectrometry using a VG PlasmaQuad ICP-MS 
instrument (VG Elemental, Winsford, Cheshire, UK). Analyses 
were carried out at the Chemical Pathology and Human
181
Metabolism Laboratory at Southampton University. The 
scanning parameters that were used in this study are shown 
in Table 3.6. The operating principles of this instrument 
are fully described by Date and Gray (1981) and Gray and 
Date (1983).
Table 3.6 Scanning parameters for the inductively coupled
plasma source mass spectrometer.
Number of channels 
Number of scan sweeps 
Dwell time (us)
Points per peak 
Dac step between points 
Number of peak jump sweeps 
Collecter type
Mass range = 200.00 to 214.01 a.m.u.
or 202.90 to 212.25 a.m.u. 
= 512
= 800 
= 320
= 5
= 5
= 20 
= Pulse
Sk i pped mass reg i ons:
Pulse counting 
From To From
Analog
To
11.50 22.00
34.50 41.00
79.50 80.50
11.50 22.00
27.50 42.50
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Table 3.6- continued. 
Isotopes selected:
Element name Selected mass Peak jump dwell Collector
Mei'cury 202 10240 Pulse
Thallium 203 10240 Pulse
Lead 204 10240 Pulse
Thallium 205 10240 Pulse
Lead 206 10240 Pulse
Lead 207 10240 Pulse
Lead 208 10240 Pulse
Bismuth 209 10240 Pulse
In this study, two mass ranges were used, the first was 
200.00 to 214.01 a.m.u., and the second was 202.90 to 212.25 
a.m.u.
The mass spectrometer was calibrated for lead isotope ratios 
using a lead isotope standard reference material 981 
(National Bureau of Standards. Washington, DC, USA). 
Evaluation of the acceptance limit of the 206pk.207pb ratio 
of the 981 lead standard reference material containing 100 
ug/1 lead was based on the relative standard deviation 
(RSD), in which any value with an RSD of more than 0.8% was 
rejected (Campbell and Delves, 1989). In this study. the 
isotope ratio deviated from the assigned value by less than 
0.7%. Details of the analytical design were described by 
Delves and Campbell (1988). The relationships of 206/207 and 
206/208 isotope ratios for all environmental samples were 
examined, and linear and close correlations were found. The
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correlation coefficient between 206/207 and 206/208 was 
0.903; therefore, the 206/207 ratio was used to relate blood 
and environmental results. The 2 0 4 was no  ^ used because of 
the low level of this isotope.
The relationships between lead in blood and environmental 
samples and isotope ratios (206/207) was also examined. As
can be seen in Fig.3.10, there is a significant negative
correlation between the lead concentrations and the 206/207 
isotopic ratios of the 12 blood samples (r = - 0.712. p < 
0 .01).
A. Preparation of blood samples
In a 10 ml calibrated flask, the following solutions were 
added according to the given sequence: 1 ml of water; 400 ul 
of diluent (containing 0.14 M ammonia, 0.003-M (NH4)2H2EDTA 
and 0.029 M NH4H2PO4) in order to promote cell lysis; 400 ul 
of 400 ug/1 bismuth standard (1000 ug/1) from (BDH, Poole,
Dorset, UK) as an internal standard; 400 ul of blood; 2 ml
of 5.0% v/v Triton X-100 solution to improve sample 
transport and nebulisation efficiency and then diluted to 
volume with water.
Aqueous lead isotope standards were prepared at 5.18, 10.36, 
20.72, 41.44, and 62.16 ug/dl (0.25-3.0 umol/1) in 0.1% 
(v/v) HNO3. Working blood standard solutions were prepared 
using the above procedure, but with the addition of 400 ul 
of lead standard. The lead concentration of these solutions 
ranged from 0.75 to 24.9 ug/1 (3.6-120 nmol/1) with the 
bismuth concentration at 16 ug/1 (193 nmol/1). A blank 
solution containing only 0.1% (v/v) HNO3 was also included. 
Internal quality control (IQC) blood samples containing 11, 
34.2, and 67.8 ug/dl lead were prepared similarly. but 
without the addition of lead solutions.
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B. Preparation of environmental samples
A modified automated wet digestion procedure was developed 
for sample preparation (Salisbery and Chan. 1985). One gram 
of soil, dust or remedy was suspended in a mixture of 
concentrated nitric and perchloric acids (1:1) in thick 
Pyrex glass digestion tubes. The samples were left to digest
at room temperature for one hour. Then an automated
Digestion system 12,1009 (Digester-Tecator) with an Autostop 
1012 Controller (Tecator) was programmed as follows: 15
minutes ramp to 110°C, hold for one hour and a half, then 15 
minutes ramp to 160°C, hold for two hours, 30 minutes ramp 
to 200°C. hold for two hours and half. When the digestion 
was complete, and the tubes cooled, the digest was 
reconstituted with 1 ml of concentrated nitric acid and
diluted with water to 10 ml.
Saudi petrol samples (25 ml) were heated to dryness, then 
the residues dissolved in 1% nitric acid.
The above solutions were diluted (20 to 480000 fold) to give 
an approximately 100 ug/1 final concentration of lead in
0.1% Triton X-100 (v/v).
The working standard that was used in this study contained 
100 ug/1 of the SRM 981 206pk: 207P]-, isotope ratio, 100 ug/1 
bismuth, 0.5% v/v HN03 and 0.25% v/v Triton X-100. The 
acceptance range was 1.088 to 1.099.
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3.6 ANALYSIS OF DATA
During this study Digital PDP 11/70 and Tandon PCA-40 
computers were used to enter all the data using an FMS 
software application. Storage of the data was performed 
through a commercial data management system using 
DATATRIEVE. Thorough checks were made regarding the
integrity of the data. The analysis of the data was 
accomplished with BMDP (1988), Statgraphics (1987).
Two types of statistical methods were used:
1. General methods which involved the calculation of mean, 
standard deviations and standard errors.
2. Specific methods which involved both parametric and non- 
parametric methods: least square regression analysis,
correlation studies; analysis of variance (one-way, multi­
way) and Kruskal-Wal1 is analysis of variance).
These analyses were performed according to standard formulae 
which are described in more detail in Appendix B and within 
each chapter.
CHAPTER
RESULTS
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The results presented in this chapter are those derived from 
an extensive analysis of lead and haematological 
interactions in children attending as outpatients at a 
reference hospital, taking cases from all parts of the 
Kingdom. Results of a second study, presented in the next 
chapter, was an investigation of the clinical, social and 
environmental factors in a cluster of heavily exposed 
children in a small city in the north of Saudi Arabia. A 
third study was of the passage of lead from the pregnant 
mother to the unborn child. In addition, a number of 
subsidiary studies were undertaken on environmental factors 
affecting the exposure to lead of children in Riyadh. These 
last studies yielded useful results but were not directly 
relevant to the solution of the main problem. The results 
have accordingly been presented in a summary in the 
Introduction (Chapter 1).
4.1 MEASUREMENT OF LEAD AND RELATED PARAMETERS IN SAUDI 
CHILDREN
A survey was conducted during the period between 1985 and 
1987 to identify the blood lead levels in Saudi children 
aged 2 months to 16 years from different parts of the 
Kingdom. The exposure of these children was evaluated by the 
determination of lead, erythrocyte protoporphyrin and 
haematological parameters in whole blood. The samples were 
selected randomly. The screened children were classified 
according to their place of residence. In this study the 
place of birth was considered to be the most useful guide to 
the children’s place of residence. The classification was 
made according to province. Saudi Arabia is divided into
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five provinces: Central, Northern, Southern, Western and
Eastern as shown in Fig.4.1. The number of screened children 
in each province is shown in Table 4.1.
Table 4.1 Geographical distribution of 
screened children.
the 1047 Saudi
Prov i nee No. of screened children % No. of cities
Central 544 52.0 13
Northern 52 5.0 10
Southern 97 9.3 11
Western 166 15.9 8
Eastern 188 18.0 17
Total 1047 59
Due to the difficulty in getting access to blood samples 
from healthy children, the survey was limited to children 
attending the Outpatient Clinic at King Faisal Specialist 
Hospital and Research Centre with a variety of clinical 
problems. Those children were divided into six groups 
according to their diagnosis, namely cancer, renal 
disorders, neurological disorders, cardiac disorders, mild 
clinical problems and finally a group with miscellaneous 
disorders (called various). The number in each group are 
shown in Table 4.2. The ’’mild diagnosis group” includes 
children with fever, cough, cold, gastric or allergic 
problems.
Fig.4.1 Provinces in Saudi Arabia.
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Table 4.2 Diagnosis groups.
Group Diagnosis Sample size
1 Cardiac 301
2 Neurological 159
3 Cancer 127
4 Renal 79
5 Mild 273
6 Various 108
In the present study, many screened children were found to 
have haematological abnormalities resulting from the high 
prevalence of thalassaemia, sickle cell anaemia and other 
haematological abnormalities in Saudi Arabia. As there is no 
general agreement in the literature on whether or not to 
correct for anaemia (Chapter 2, Section 2.7) both total lead 
concentrations and a corrected value (derived by division of 
the measured lead level by the corresponding haemoglobin 
value to give a quotient whose units were ug Pb/g Hb) were 
used in the statistical analyses. Duplicate statistical 
analyses were undertaken on both the corrected and 
uncorrected blood lead data to determine whether or not the 
correction affected the statistical significance of the 
analysis.
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Statistical methods
The effect of diagnosis, province, sex, age and 
haematological parameters on blood lead concentrations were 
tested. Lead (Pb) was considered as the dependent variable 
whereas the others were independent variables. Parametric 
statistical analyses were used to analyse the data. However, 
a non-parametric technique, using ranked transformed data, 
was also considered (see Appendix B ) .
A confidence level of 95% was chosen to evaluate the 
calculated p value. However, for the least significant 
difference (LSD) multiple comparison statistical analysis 
using a 99% confidence level was applied. Further details of 
all the statistical terms and methods used are contained in 
Appendix B.
Statistical distribution of the measured variables
Descriptive statistics, sample size, means, standard 
deviations, medians, and the ranges for the measured 
variables, Pb, EP, Hb, H C T , R B C , WBC, MCV, M C H , MCHC and 
age, are provided in Table A.3.
The cumulative distribution plot of blood lead 
concentrations in the screened children did not follow a 
Gaussian distribution but was positively skewed (skewness = 
3.82) as shown in Fig.A.2. Therefore all blood lead 
measurements were subjected to log transformation to obtain 
approximate normality of their distribution (skewness = 0.3) 
as shown in Fig.A.3.
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Table 4.3 Descriptive statistics of the data.
Variable n Mean SD Median Range
Age Cyears) 1047 6.44 4.51 6.00 0.08- 16.00
Pb (ug/dl) 1047 10.37 6.58 9.05 1.04- 85.63
EP (ug/dl) 583 37.87 29.39 29.68 4.40-306.70
Hb (g/dl) 1047 12.28 1.84 12.30 4.60- 22.10
HCT (ratio)
RBC (X 10*2/1)
1047 36.67 5.37 36.60 15.20- 67.20
1047 4.65 0.764 4.61 1.85- 9.34
WBC (X 109 /1) 1047 8.82 4.520 7.90 0.50- 56.70
MCV (fl) 1047 79.44 7.60 80.40 52.20-101.00
MCH (pg) 1047 26.64 2.96 27.10 15.40- 34.40
MCHC (g/dl) 1047 33.47 1.06 33.60 28.90- 36.20
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Fig.A.2 Cumulative distribution plot 
of lead.
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Fig.4.3 Cumulative distribution plot 
of log transformed lead.
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4.2 THE DISTRIBUTION OF BLOOD LEAD LEVELS IN 1047 CHILDREN 
WITH RESPECT TO CLINICAL DIAGNOSIS, PROVINCE, SEX AND 
AGE
Clearly many factors may affect blood lead concentrations. 
In an effort to determine the major factors affecting the 
children in the study a detailed statistical analysis was 
performed.
Initially the concept of carrying out analysis of variance 
separately for each of the factors was considered. However, 
two problems must be taken into account. Some power may be 
sacrificed by not making use of the correlations among the 
fp values’. Therefore, it was considered more appropriate to 
use multi-way analysis of variance (see Appendix B) in order 
to examine the joint effect of diagnostic group, province, 
and sex on lead levels. Also, age was considered as a 
covariate, i.e. the effect of each sex, diagnosis and 
province on blood lead concentration was tested in this 
analysis after adjustment for age. According this analysis 
(Table 4.4), there were significant differences among the 
diagnostic groups and provinces (p < 0.01), but not for sex. 
Age had a significant effect on lead (p < 0.0001).
At the 95% confidence level, the tests for statistical 
association between sex and province (p = 0.945), sex and 
diagnosis (p = 0.073), province and diagnosis (p = 0.883)
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and sex, province and diagnosis (p = 0.311) were not 
significant. Thus, the variables selected were seen to be 
truly independent and therefore, separate analyses for the 
effects of diagnosis group, province, sex and age on blood 
lead, are valid.
Table 4.4 Summary results of multi-way analysis: Influence 
of sex, diagnosis, province and age on blood lead 
concentrations:
Source of variance Sum
Squares
df Mean F 
Squares
P
Between groups 
Sex 0.075 1 0.075 1.67 0.196
Diagnosis 2.252 5 0.450 10.11 0
Province 0.625 4 0.156 3.50 0.008
Sex X diagnosis 0.450 5 0.090 2.02 0.073
Sex X province 0.033 4 0.008 0.19 0.945
province X diagnosis 0.572 20 0.029 0.64 0.883
Sex X province X diagnosis 1.008 20 0.050 1.13 0.311
Age 1.218 1 1.218 27.33 0
Within groups 43.941 986 0.045
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4.2.1 Diagnosis and its relationship to blood lead 
concentrations
Initially, statistical examination to confirm whether blood 
lead concentrations varied between the various diagnostic 
group‘s was carried out by one-way analysis of variance 
(Table 4.5).
Table 4.5 One-way analysis of variance:Influence of six 
diagnosis groups on blood lead concentrations.
Source of variation Sum squares df Mean squares F P
Between groups 3.759 5 0.752 16.14 0
Within groups 48.500 1041 0.047
Tot a 1 52.260 1046
Results were similar to those found in the multi-way 
analysis of variance with significant differences between 
the different diagnosis groups (F= 16.14, p < 0.0001).
However, the simple analysis used above (Table 4.5) is only 
valid if the variances of the different groups are equal 
(see Appendix B). Bartlett's test was used to ascertain the 
validity of this assumption. This test showed that the 
variances were not equal (p = 0.0001). As the one-way
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analysis of variance did not appear to be a valid approach 
to analysis of these data, comparisons were then made using 
the non-parametric Kruskal-Wal1 is one-way analysis of 
variance. The blood lead concentrations in the six 
diagnostic groups were found to be significantly different 
(H = 64.68, p < 0.0001). However, this test did not indicate 
which groups were different. To answer this, the least 
significant difference (LSD) multiple comparison method was 
applied to ranked transformed lead data which were used to 
compare all pairs of means by the t-test. The results of 
this method are illustrated in Table 4.6.
Table 4.6 Summary of results of the LSD method.
Diagnosis Mean Sample size Grouping
ranks
A B C
Cancer 421.0 127 *
Neurological 426.4 159 *
Renal 469.5 79 * *
Various 496.6 108 * *
Mild 555.7 273 * *
Cardiac 614.4 301 *
The average lead ranks arranged from low to high and the 
lines (indicated by the columns of asterisks) are used to 
show which groups were not different.
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Any groups that are not significantly different are 
identified by the same line and any groups that are not 
identified by the same line are significantly different. 
Thus, at 99% confidence level, line A shows that there was 
no significant difference between the cancer, neurological, 
renal and various groups. Line B shows that renal, various 
and mild groups were not significantly different. Line C 
shows that mild and cardiac groups were not statistically 
different. Cardiac and mild diagnosis groups had the highest 
average lead ranks, whereas the average lead ranks for 
renal, neurological, cancer and various diagnostic groups 
were lower than those for the cardiac and mild diagnosis 
groups. Therefore, the ranked lead for these diagnostic 
groups could be clustered into two main categories:
Category 1: children with neurological, cancer, renal and
various problems.
Category 2: children with mild and cardiac problems. 
Repeating the Kruskal-Wal1 is analysis, a highly significant 
difference was shown between the two diagnostic categories 
for ranked lead (H = 54.29, p < 0.0001). The LSD procedure 
also showed significant differences between the average lead 
ranks of the two categories.
4.2.2 Geographical distribution and its relationship to 
blood lead concentrations.
Initially, one-way analysis of variance was used on log 
transformed lead as shown in Table 4.7.
2 0 0
Table 4.7 Results of one-way analysis of variance.
Sum squares df Mean squares F P
Between group 1.902 4 0.476 9.839 0
Within group 50.358 1042 0.048
Total 52.26 1046
As with diagnostic group, the results were invalid, however, 
because of the unequal variances (p =3.44 x 10“ -^^ ). The 
data were subjected to a non-parametric test using Kruskal- 
Wallis one-way analysis of variance in order to determine 
the effect of geographical location on blood lead 
concentration. This revealed that the differences between 
the average lead ranks in the five provinces did show strong 
statistical significance (H = 33.63, p = 8.875 x 10“^). The 
results of the LSD test on ranked lead data at 99% 
confidence level are given in Table 4.8.
Table 4.8 Results of LSD method.
Province Sample size Ranked lead Grouping
A B
Northern
Southern
Central
Western
Eastern
52 440.77
97 467.52
544 508.63
166 509.71
188 633.26
2 0 1
As shown in Table A.8, no significant differences were found 
between the average lead ranks in the Northern, Central, 
Western and Southern Provinces (line A). The lowest ranks 
were for the Northern Province, and the highest lead ranks 
for the Eastern Province. Ranks for the Eastern Province 
were significantly different from those in the Southern, 
Northern, Central, and Western Provinces (line B).
4.2.3 Effect of sex:
To evaluate the relationship between sex and blood lead 
concentrations, one-way analysis of variance was performed 
using lead as the dependent variable and sex as the 
independent variable. No significant differences were 
observed between males and females (F = 1.84, p < 0.1). The 
assumption of equal variances was tested using the Bartlett 
test. There was no evidence of any difference between the 
variances (p < 0.1), which confirms the validity of the 
analysis of variance. However, it was noted that boys older 
than 6 years had higher blood lead concentration than girls 
(F= 6.27, p > 0.02).
4.2.4 Effect of age
The mean blood lead concentrations according to age groups 
are shown in Table 4.9. Graphical presentation of the 
results is illustrated in Fig.4.4. Lead concentration rises 
substantially during childhood reaching its peak between
2 0 2
three to five years of age and then followed by decline with 
increasing age.
Table 4.9 Blood lead concentrations by age group.
Age group No. of children Blood mean lead concentration
< 1 60 10.525
1-3 289 11.376
3-5 174 11.704
5-7 139 10.888
7-9 117 9.798
9-11 86 9.163
11-13 72 8.038
> 13 110 7.923
4.3 CHARACTERISATION OF REFERENCE RANGE FOR THE ENTIRE 
POPULATION
The distribution of blood lead concentrations are presented 
in Fig.4.5. It shows the skewness which is typical of blood 
lead distributions suggesting two mixed populations. In this 
study an attempt was made to find a cut-off point which
separates these two groups.
Initially, a normal probability plot was constructed to
provide a better picture of the distribution lead data. As 
shown in Fig.4.6, the abscissa scale represents the raw
data, and the ordinate the phi-transformed data plotted on 
normal probability scale (Chambers et al, 1983). The phi-
value was calculated according to the following formula:
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Fig.4 .6 Cumulative distribution plot 
of lead in Saudi children.
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where y = observation.
The main characteristic of this normal probability plot for 
blood lead is that the curvilinear relationship consists of 
two distinct segments. This confirms that two populations 
might be involved. In order to define the blood lead 
concentration that separate these two populations, the 
method of Hudson (1966) was used. The application of this 
technique was based upon fitting least squares equations 
(Appendix B), when the curve to be fitted consists of two or 
more parts. The intersection of two regression exponential 
lines represents the joint point. To check whether the raw 
and phi-transformed data from the plot would fit a straight 
line. The model was tested on the results from the 1046 
children by least squares regression analysis using phi- 
transformed lead data as the dependent variable and lead as 
the independent variable. The cut-off value of lead is 
defined as the point of intersection of two exponential 
regression lines, where the total sum of squares of errors 
has the minimum value. For convenience, the lead data were 
ranked in descending order and each was given a number (1- 
1046), and called cut-off. The choice of cut-off values was 
made by trying various values until the total sum of squares 
reached a minimum value. For each cut-off value two 
regression lines were computed, one greater than the chosen 
cut-off value and the other lower than the cut-off value. 
The least squares equation for each segment, joined together 
at (x) , and the two straight lines were defined as follows:
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yi = ai + b^.x (first segmented line)
y2 = a2 + b2 a (second segmented line)
= intercept for first segmented line. 
a2 = intercept for second segmented line.
hi - slope for first segmented line.
b2 = slope for second segmented line,
therefore a^ + b^x = a2 + b2x
From the two equations, the joint point (a ) and the overall 
residual sum of squares were calculated.
al . “ a2 
a   -----------
b 2  -  b l  ^  ^
Overall residual sum of squares = y\ - + X_J'2 “ x2^
y\ - all observations for first segmented line.
y2 = all observations for second segmented line.
ai = mean of the fitted values for first segmented line.
x2 = mean of the fitted values for second segmented line.
For the lead data, 101 values were tried, and the minimum
total residual sum of squares was at a- equal 12.59 ug/dl as 
shown in Fig.4.7. The results of the statistical analysis 
are presented in Table 4.10.
Table 4.10 Summary results of least squares analysis.
Segmented line (1) -2.7068 + 0.293x
Segmented line (2) 0.2084 + 0.061x
Joint point (x) 12.59
Residual sum of square of segmented line (1) = 8.7668
Residual sum of square of segmented line (2) = 4.5977
Total residual sum of squares = 13.3645
208
Fig. 4.7 Total residual sum o-P 
squares as a -Pu.netion 
o-P lead j o i nt p o i nt < x >.
0 24
Pb < ug/'d 1 >
209
Table 4.11 Distribution and 
results of 1046 
cut-off value of
the percentage values of Pb 
children as function of 
Pb.
Cutoff Distribution Percent age(%)
Pb=N 810 77.4
Pb=H 237 22.7
The distribution of screened children according to their 
12.59 ug/dl cut-off as displayed in Table 4.11 suggests that 
the children are divided into two groups:
Cl) 77.4% of the total population have lead equal to and 
less than 12.59 ug/dl. This represents the reference 
population (n=810).
(2) 22.7% have high lead, which represents the exposed 
population (n=237).
It was decided to examine the relationship between blood 
lead concentrations and diagnosis, geographical
distribution, sex and age within each population ( r e f e r e n c e  
and exposed). Multi-way analysis of variance was used as 
described earlier in Section 4.1. As shown in Table 4.12, 
the only significant difference that was observed was for 
the reference population among the diagnosis groups.
2 1 0
Table 4.12 Summary results of multi-way analysis:
Influence of sex, diagnosis, province and 
age on blood lead concentrations in the 
reference Saudi population (n=810).
Source of variation Sum
Squares
df Mean
Squares
F P
Between groups 
Sex 0.961 1 0.961 0.16 0.692
Diagnosis 236.777 5 47.355 7.72 0
Province 28.705 4 7.176 1.17 0.323
Sex X diagnosis 62.138 5 12.428 2.03 0.073
Sex X province 13.459 4 3.364 0.55 0.699
province X diagnosis 108.919 20 5.446 0.89 0.603
Sex X province X diagnosis 113.946 20 5.697 0.93 0.549
Age 5.254 1 5.254 0.86 0.355
Within groups 4592.178 749• 6.131
A similar approach was applied to the exposed Saudi 
population (n=237). Apart from sex, all factors showed 
significant effect.
2 1 1
4.4 BLOOD LEAD AND ERYTHROCYTE PROTOPORPHYRIN
Simple correlation analysis showed there was a significant 
weak positive correlation between log Pb values and EP (r= 
0.27, p =0). However with Pb lead values greater than or 
equal to 25 ug/dl, a stronger positive correlation was 
apparent (r = 0.672, p = 0) (Fig.4.8).
The relationship between blood Pb and EP concentrations for 
the entire population is shown in Fig.4.9 using the approach 
that was adopted by Peter and Bourdeau (1983). This was 
performed by plotting Pb versus EP, and dividing the graph 
into four quadrants according to the international accepted 
limits of normal for lead and EP. As recommended by CDC 
(1985), 25 ug/dl was considered as the upper limit of normal 
lead. For EP, 35 ug/dl was taken. The four quadrants 
(Fig.4.9) represent the following classification groups:
Group 1 : normal lead and normal EP.
Group 2 : normal lead and elevated EP.
Group 3 : elevated lead and elevated EP.
Group 4 : elevated lead and normal EP.
Table 4.13 shows a summary of the distribution of lead-EP 
results as a function of the two cut-off values of lead and 
EP. The results in Table 4.13, indicate that about 4.1% of 
the screened population had both elevated lead and EP 
values.
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Table 4.13 Distribution and the percentage values of
Pb-EP results of 583 children in groups 1-3, 
as a function of two cut-off values of Pb and 
EP.
Cut-ff Group Distribution Percentage (%)
Pb=N, EP=N 1 358 61.4
Pb=N, EP=H 2 188 32.2
Pb=H, EP=H 3 24 4.1
Pb=H, EP=N 4 13 2.2
Correlation analysis
In this study, the correlations between Pb and 
haematological parameters (Hb, HCT, MCV, MCH, MCHC, and RBC) 
were also examined. There was a significant positive 
correlation between log lead and Hb, HCT, and RBC, whereas 
there was a significant negative correlation with MCH, MCV, 
and MCHC (Table 4.14).
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Table 4.14 Correlation coefficients of log Pb with 
haematological parameters.
log Pb p values
Hb 0.294 0
HCT 0.335 0
MCV -0.345 0
MCH -0.337 0
MCHC -0.161 0.0001
RBC 0.505 0
Attempts were made to examine the correlation between blood 
lead concentrations greater than 25 ug/dl and the 
haematological parameters, similar results were observed.
4.5 THE HAEMATOLOGICAL PROFILE
Initially, the purpose of measuring haematological 
parameters was to determine whether there is an association 
between anaemia and lead exposure, however the previous 
section did not help in understanding that relationship for 
factors which will be discussed in the Chapter 7. Therefore, 
it was decided to use these parameters to define the Saudi 
paediatric reference values.
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4.5.1 Haematological parameters in Saudi children
It is difficult to determine the normal range for the 
haematological parameters from children because of problems 
associated with collection of blood from healthy children. 
Therefore blood specimens were obtained from those with 
different clinical problems. Because the children were ill, 
all the data were screened for outliers and any values which 
were outside + 3SD were excluded, and a total of 996 
children were investigated. Table 4.15 shows the mean ±. 2SD 
and 2.5th, 50th, and 97.5th percentiles (see Section 4.3.2)
for Hb, HCT, MCV, MCH, MCHC, RBC, and WBC for the 996 
children. Those parameters were subdivided into four age 
groups, and by sex for the all age data and for the age 
group 10-16 years. Statistically, no significant differences 
were found between males and females, either for the all age 
results or for the age group 10-16 years. Looking at age- 
related patterns of the haematological parameters (both 
sexes), it would appear that there was a significant rise (p 
< 0.002) in both the mean and median (50th percentile) 
values for Hb, HCT, MCV, MCH, and MCHC during the first 
years of life, until 10 years of age. In contrast, WBC 
values are highest during the first two years of life, 
dropping significantly ( p < 0.001) between 2 and 10 years 
of age.
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Table A.15 Haematological parameters as Mean + 2SD and
2.5 th, 50 th, 97.5 th percentiles for all 
the screened children classified by age.
Hb (g/dl)
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=996) 12.3 9.1 15.4 9.0 12.3 15.4
M Cn=560) 12.2 9.1 15.4 8.9 12.3 14.5
F (n=436) 12.3 9.2 15.4 9.0 12.3 15.4
0-2 (n=229) 11.6 8.5 14.7 8.7 11.5 15.2
2-6 (n=332) 12.1 9.2 15.0 9.0 12.2 15.2
6-10 (n=221) 12.7 9.8 15.5 9.2 12.9 15.4
10-16 (n-214) 12.9 9.7 16.1 9.2 12.9 15.8
M (n=lll) 13.0 9.5 16.5 8.9 13.0 16.3
F Cn=103) 12.7 9.9 15.6 9.3 12.9 15.7
HCT (rat io)
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=996) 36.6 27.7 45.4 27.3 36.6 46.0
M (n=560) 36.5 27.5 45.5 27.3 36.4 45.6
F (n=436) 36.7 27.9 45.4 27.5 36.7 47.4
0-2 Cn=229) 34.9 25.7 44.1 26.5 34.4 46.2
2-6 Cn=332) 36.1 28.1 44.0 27.7 36.1 45.6
6-10 Cn=221) 37.5 29.3 45.7 27.3 38.1 44.6
10-16 (n=214) 38.3 29.4 47.1 27.7 38.4 47.0
M (n=lll) 38.6 29.1 48.2 27.2 38.7 47.0
F (n=103) 37.9 29.9 45.9 28.5 38.2 47.9
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Table 4.15- continued.
MCV Cfl)
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=996) 79.9 65.7 94.1 61.8 80.6 92.2
M (n=560) 79.7 65.5 93.8 63.5 80.4 92.3
F (n=436) 80.2 65.9 94.4 59.7 81.2 92.1
0-2 (n=229) 76.7 61.7 91.6 60.8 77.1 92.3
2-6 (n=332) 79.3 65.2 93.4 61.1 80.4 93.0
6-10 Cn=221) 81.4 70 . 5 92.3 68.6 82.2 90.9
10-16 (n=214) 82.6 69.0 96.3 65.8 83.7 95.7
M (n=lll) 82.6 68.5 96.6 64.1 83.4 98.5
F (n=103) 82.7 69.4 96.0 65.8 84.1 95.7
MCH (Pg)
Age group Mean -2SD +2SD 2.5 50 97.5
All ages Cn=996) 26.8 21.4 32.3 20.0 27.2 31.3
M (n=560) 26.8 21.2 32.3 20.3 27.1 31.4
F (n=436) 26.9 21.5 32.4 19.8 27.4 31.3
0-2 (n=229) 25.5 19.9 31.1 19.1 25.7 30.5
2-6 (n=332) 26.6 21.2 32.1 19.7 27.1 31.3
6-10 Cn=221) 27.5 23.3 31.8 22.2 27.9 30.7
10-16 Cn=214) 27.8 22.6 33.1 21.2 28.2 32.8
M Cn=lll) 27.9 22.3 33.4 20.7 28.3 33.2
F Cn=103) 27.8 22.8 32.8 21.3 28.2 31.6
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Table 4.15- continued.
MCHC (g/dl)
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=996) 33.5 31.6 35.5 31.3 33.6 35.2
M (n=560) 33.5 31.6 35.4 31.4 33.6 35.1
F (n=436) 33.6 31.6 35.5 31.2 33.6 35.3
0-2 (n=229) 33.2 31.1 35.3 30.9 33.3 35.0
2-6 Cn=332) 33.5 31.6 35.5 31.5 33.6 35.2
6-10 (n=221) 33.8 32.2 35.4 32.2 33.8 35.3
10-16 (n=214) 33.6 31.9 35.4 31.8 33.7 35.1
M (n=lll) 33.7 31.9 35.5 31.7 33.8 35.1
F Cn=103) 33.6 31.9 35.3 31.9 33.5 35.5
RBC ( X 1012/1)
Age group Mean -2SD +2SD 2.5 50 97.5
All ages Cn=996) 4.6 3.4 5.8 3.3 4.6 5.8
M (n=560) 4.6 3.4 5.8 3.3 4.6 5.8
F (n=436) 4.6 3.5 5.7 3.4 4.6 5.8
0-2 Cn=229) 4.6 3.3 5.9 3.2 4.6 6.1
2-6 Cn=332) 4.6 3.4 5.7 3.4 4.5 5.9
6-10 (n=221) 4.6 3.6 5.7 3.2 4.7 5.5
10-16 (n=214) 4.7 3.6 5.7 3.4 4.7 5.6
M Cn=lll) 4.7 3.5 5.9 3.2 4.8 5.8
F Cn=103) 4.6 3.7 5.5 3.4 4.6 5.4
WBC ( X 109/1)
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=996) 8.6 1.3 15.8 2.7 7.9 17.7
M (n=560) 8.4 1.1 15.6 2.4 7.8 17.5
F (n=436) 8.8 1.5 16.1 3.2 7.9 17.9
0-2 (n=229) 10.7 3.4 18.1 4.4 10.4 18.6
2-6 (n=332) 8.6 1.4 15.7 2.6 7.9 17.8
6-10 (n=221) 7.5 1.8 13.2 1.8 7.3 14.6
10-16 (n=214) 7.3 0.6 14.1 2.9 6.7 16.3
M Cn=lll) 7.1 0.3 13.9 2.1 6.5 16.3
F (n=103) 7.6 0.9 14.3 3.4 6.9 16.9
2 2 0
The haematological parameters were further subdivided 
according to diagnosis, the mean + 2SD, and 2.5th, 50th, 
97.5th percentile were recalculated after excluding any 
value lie outside + 3SD (results are presented in Appendix 
C).
A.5.2 Haematological parameters in healthy Saudi blood 
donors volunteers, aged 18 years.
In this study, a different type of population was screened, 
where EP, Hb, HCT, MCV, MCH, MCHC, RBC, and WBC were 
measured in 206 healthy youths aged 18 years, who were 
volunteer blood donors attending the Blood Bank of King 
Faisal Specialist Hospital and Research Centre.
In order to obtain reliable reference ranges, the 
possibility of the presence of a few extreme data points 
which can dramatically affect any statistical analysis was 
considered. It was essential to exclude results for whom any 
value fell outside the + 3SD limit. Three specimens were 
thus detected as outliers. All had low MCV and MCH values 
(less than 3SD) from the mean, two of them had high RBC, and 
one had a high EP (greater than 3SD) from the mean. The 
total number of observations was 203. The mean, standard 
deviation, median and the range obtained for EP, Hb, MCV, 
MCH, MCHC, RBC, WBC after excluding those outliers are given 
in Table 4.16. Frequency curves were established to check 
the distribution of the above variables. The distribution 
for each variable was almost symmetrical. Only the
2 2 1
distribution of EP was slightly skewed (skewness = 0.63), 
but in this case, logarithmic transformation of the data was 
found to produce an almost normal distribution of the data 
as shown in Fig.4.10a,b (skewness =0.1).
Table 4.16 Descriptive statistics of the blood bank data.
Variable n Mean SD Median Range
EP (ug/dl) 203 27.53 6.123 26.79 16.04-45.72
Hb (g/dl) 203 15.06 0.935 15.10 12.40-17.20
HCT
RBC
WBC
(ratio). 203 
(X 10j2/l) 203 
(X 109/1) 203
44.61
5.12
4.90
2.643
0.355
1.457
44.50
5.09
5.00
37.60-51.10 
3.96- 6.21 
1.70- 8.80
MCV (fl) 203 87.22 4.393 87.50 73.70-99.30
MCH (pg) 203 29.47 1.636 29.60 24.20-33.90
MCHC: (g/dl) 203 33.76 0.582 33.80 31.60-35.20
The normal ranges were established for each parameter using
two different methods. First using SD as a reference point,
the range of + 2SD from the mean indicates the 1imits which
should cover 95% of normal subjects. However, where the
distribution of the measured variable is skewed, the range 
to - 2SD will extend below zero (Dacie and Lewis, 1984). To 
avoid this anomaly, the data should be transformed to their
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logarithms, and then the mean and SD calculated as for EP. 
The second procedure was based on the application of the 
percentile technique (Thompson, 1938; Saifer, 1955; Herrera, 
1958). This technique establishes the normal range with 
limits calculated based upon the 2.5th and 97.5th 
percentiles. As with the first technique, where a skew 
distribution was obtained, the reference ranges were 
calculated by log transformation of the variable and then 
taking the anti log of the result. The results of both 
techniques are given in Table A.17.
Table 4.17 Normal range values for haematological parameters 
for the 18 years Saudi male population from 
Riyadh area.
Percentile
2.5 50 97.5 Mean + 2SD Ghafouri*s Western
values values
(Mean + 2SD)
Hb 13.3 15.1 16.8 13.2-16.9 13.0-16.6 13.5- 17.5
HCT 39 .5 44.5 50.5 39.3-49.9 39.4-50.6 47.0- 53.0
MCV 78.7 87.5 95.3 78.4-96.0 65.9-94.7 90.0-100.0
MCH 25.9 29.6 32.3 26.2-32.7 20.9-31.7 30.0- 34.0
MCHC 32.6 33.8 34.8 32.6-34.9 34.0- 37.0
RBC 4.4 5.1 5.8 4.4- 5.8 4.5-6.5 5.2- 5.9
WBC 2.1 5.0 7.7 1.98-7.8 3.5-9.9
EP 18.2 26.8 41.7 17.8-40.6
CHAPTER 5 
ARAR CHILDHOOD BLOOD LEAD SURVEY
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The work described in this chapter was prompted by a case of 
severe lead intoxication which occurred in a child referred 
from the Arar region in the north of Saudi Arabia. In 
response to this incident, a survey was planned as part of a 
collaborative study initiated by the Saudi Ministry of 
Health to determine whether or not there was a particular 
problem with lead intoxication in this area.
5.1 CASE HISTORY
A 3 month-old Saudi male, living in Arar, was 
referred to the Arar Central Hospital with a 
history of fever, loss of weight, constipation, 
anorexia, pallor and microcytic anaemia. He was 
discharged after four days but two days later the 
fever and vomiting returned and he was admitted 
to Al-Jouf Hospital where he was treated with 
antibiotics. At that point, it was decided to 
refer the patient to the Maternity and Children’s 
Hospital in Riyadh for further investigation.
On admission, the patient was in a poor condition 
with convulsions and intracranial hypertension.
X-ray examination of the joints showed a marked 
deposition of electron-dense material at the 
metaphyses as shown in Fig.5.1. Lead toxicity was 
suspected and the blood lead and EP concentration 
were 215.0 and 174.2 ug/dl respectively.
Therapy
He received B.A.L treatment (British anti-lewisite) 
for 10 days intramuscularly, followed by calcium EDTA 
intravenously for another 5 days after which the 
blood lead and EP concentrations were reduced 
to 57.4 and 116.1 ug/dl respectively. A further 
course of chelation therapy was given to the infant 
and before discharge the lead and EP levels were 47.7 
and 121.0 ug/dl respectively. The infant remained in 
the hospital for approximately two months and was in a 
good condition when discharged.
Fig 5.1 Dense lead lines are shown at: 
a. knee joints and b. wrist and 
hand due to lead intoxication.
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Family background
Investigations were made to indentify the source of 
lead. The child was accompanied by his mother during 
the period of treatment and she was interviewed about 
the social and family background. His father was a 
nurse and the mother a school teacher but the parents 
were separated and the child spent most of the time at 
his grandparents’ home. A visit to the house of the 
child was made and other members of the family 
were interviewed and tested for lead, EP and 
haematological parameters. In addition, five cousins 
who often visited were also screened. The results 
are presented in Table 5.1. It is apparent that only 
the younger children were exposed to lead. This 
suggested a single source of lead exposure. Both the 
brother (2 years old) and sister (5 years old) of the 
child had elevated lead and EP levels and lead lines 
were present in X-rays of long bones (Fig.5.2a,b). In 
the case of both children Kohl had been applied to the 
eyes and to the umbilical stump from after the cord 
fell off to forty days of age, but no one admitted to 
the use of traditional remedies or other identifiable 
lead source in the children in later life and the 
source of the lead was not identified. The patient had 
been breast-fed for a few weeks after birth and then 
fed commercial milk preparation. The mother denied the 
use of Kohl on her eyes during pregnancy and breast­
feeding or on the child after birth. Also, the 
mother's blood lead concentration was low (Table 5.1). 
The only food given to the child was milk (Semalac) 
and herbal tea prepared in either tap or boiled water. 
Samples of all these were taken for lead analysis. The 
concentrations of lead were 2.3 and 3.2 ug/1 for tap 
and boiled water respectively, and 3.5 and 6.5 ug/1 
for milk and tea respectively.
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Table 5.1 Laboratory findings for all the members of the 
child’s family.
Child’s 
relat ive
Age Pb EP Hb HCT MCV MCH MCHC RBC WBC
Father — 9.6 24.6
Mother — 8.7 27.1
Grand­
father
60 10.3 28.0 14.4
Grand­
mother
50 8.8 34.3 13.1
Brother 2.5 43.1 223.5 9.8 31.1 66.0 20.8 31.5 4.7 7.7
Sister 5.0 27.4 68.6 12.6 38.4 80.2 26.4 32.9 4.8 6.4
Cousin* 16.0 11.8 29.8 12.0 37.0 77.5 25.2 32.5 4.8 7.1
Cousin* 4.0 30.0 46.6 12.2 35.9 78.5 26.7 33.9 4.6 7.3
Cousin* * 1.5 23.9 32.4 11.3 33.9 77.2 25.7 33.3 4.4 6.4
__ . * * Cous1n 8.0 21.2 25.9 10.2 31.7 79.7 25.7 32.3 4.0 4.9
Cousin* 9.0 19.2 23.3 11.8 35.5 75.8 25.3 33.3 4.7 5.9
* Female
** Male
Fig 5. 2 Lead lines deposition in the long 
bones of (a) the brother and (b) 
the sister of the child in Fig 5.1. 
As it is apparent from the Fig 5.1a, 
other narrower dense lines can be 
visualised at the long bone. These 
are Harris’s lines as a result of 
growth impairment due to childhood 
infection.
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5.2 COMMUNITY SURVEY
As a result of this case, failure to find the source and a 
suspicion that the situation may be similar in other 
households, it was recognised that a comprehensive programme 
of screening and health education was urgently needed to 
avoid the irreversible effects of lead toxicity amongst this 
community.
In order to understand the whole context, it. is important to 
give a brief description of the area in which the survey was 
undertaken. Arar is a small city situated in the Northern 
part of Saudi Arabia, about 40 miles from the Iraqi border. 
The Northern part of Saudi Arabia is typified by the Nufud 
desert which covers 22.000 square miles and reaches almost 
to the Jordanian and Iraqi borders (The Kingdom of Saudi 
Arabia, 19S2) as illustrated in Appendix A. For thousands of 
years this region has been a part of one of the most 
important trade routes connecting the Mediterranean and 
central Arabia.
In 1947-1950, an oil pipeline (Tapline) was constructed from 
the Eastern region of the Kingdom to the Mediterranean port 
of Zahrani in southern Lebanon (Al-Taaes and Al-Qaran, 
1986). This led to the rapid growth of many towns and oases 
such as Arar, Refha, and Traif. Arar, in particular, held a 
strategic position and its population increased from 5,000 
in 1962 to 14,000 in 1973. Most of the Arar inhabitants now 
live in modern houses provided with water and electric 
facilities, although a few nomadic people still live in 
tents in the desert (the area called Sandak). Today Arar can
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almost be considered as a modern city with all the 
appropriate facilities such as primary and secondary 
schools, technical colleges, hospitals and an airport. 
Before the oil pipeline construction, the area was inhibited 
mainly by Bedouin tribes (people with no fixed residence who 
live in tents and move from one place to another depending 
on the season), their main source of income was animal 
husbandry. Today, most people have settled down and the main 
occupations are government employment and trade (Al-Taaes 
and Al-Qaran, 1986). Wells are the source of water and most 
houses are provided with small water tanks.
Most people in Arar remain attached to their traditional 
culture in spite of the massive modernization that has been 
taking place in the last four decades. Therefore, use of 
traditional remedies and cosmetic practices persist despite 
the prohibition of their sale by the government. They can be 
obtained by from traditional herbalists (locally called 
'Attar'). As part of our survey we found these remedies to
be readily available for purchase. During visits to the
children families, we observed that the use of Henna was 
very common, especially among children. Henna has been used 
for cosmetic and medical purposes for many centuries as it 
has religious associations. Many people believe it adds 
health and beauty to the hair, that it reduces temperature 
in case of high fever, and also they apply it to the hands 
and feet for cosmetic purposes. Henna is a finely ground 
brown or green powder, either locally grown or imported from 
Yemen, Sweden and India, which is mixed with water and
applied to the hair, hand and feet. However, many people add
various herbs or materials in order to strengthen it or to 
give it a stronger colour.
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Another traditional practice in which people have strong 
belief, is the use of Bokhoor. Bokhoor is a wood which is 
heated on hot coal to produce pleasant smelling fumes. It is 
imported from the Far East and is of very varied quality. 
Sometimes other compounds called Noqd are added in order to 
improve either its smell or the fumes. A study by Frenando 
et al (1981) in Kuwait found the practice among Bedouin 
communities of burning a mixture of lead sulphide and wood, 
and inhalation of the fumes to calm irritable infants and 
children. Bent dahab is a solid golden rock, imported from 
India. Some families use this material ground into a powder, 
to treat abdominal colic in newborn children. Anzroot is 
another material, which was used for gastroenteritis.
5.3 SURVEY DESIGN
The survey was divided into two stages, an initial 
Outpatient investigation and an individual follow-up of 
specific patients. For six weeks in May and June 1987. all 
children aged 1 month-12 years, attending the paediatric 
outpatient clinic of Arar Central Hospital were screened. 
Parents were asked to complete a questionnaire (Table 5.2) 
and a series of investigations of blood lead and EP, and a 
haemato1ogica1 screen (Hb, HCT, MCV, MCH, MCHC, RBC, and 
WBC) were performed on each child.
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Table 5.2 Questionnaire to identify source of lead 
exposure.
Name of child:
Age:
Sex :
Address:
Date of blood collection:
Reason for hospital visit:
Name of father:
Age:
Occ.upat ion:
Name of mother:
Age:
Occupat i on:
Type of feeding: Breast Milk formula Solid food
Use of traditional remedies:
Use of Khol:
Condition of house:
Water supply:
The survey revealed an alarming incidence of elevated blood 
lead and EP concentrations (see Results, Section 5.4).
Children with abnormal results, due either to iron 
deficiency or to lead exposure, were referred to a 
paediatrician. However, of the 25 children referred in this 
way to the follow-up stage, only 21 were included, the 
others were lost because of change of address.
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Since the main objective of this study was to find the 
source of lead exposure and eliminate it, a visit to Arar 
was conducted by the author in October 1987, to interview 
children with elevated lead levels, and their families. The 
parents of each child was first interviewed to investigate
habits and customs of the family. At the same time. a
thorough clinical examination, including an X-ray of the 
1ong bones was performed, by a paed i at r i c i an.
A visit to the child’s house was also carried out to take 
blood samples from members of the household. In addition, 
samples of dust, soil, drinking water, cosmetics and any 
traditional remedies were taken from every house. In this 
study the isotope ratio technique was used to attempt to 
identify the source of lead in the blood samples of children
with elevated lead levels. Because of the difficulty in
getting access to the inductively coupled plasma source mass 
spectrometer (ICP-MS), it was not possible to analyse all 
the samples that were collected during this study. This 
technique was used to measure the lead isotope ratios of a 
selection of blood samples, different environmental samples 
(dust, soil, and petrol) traditional cosmetics and remedies. 
As discussed in Chapter 2, Section 2.10, the isotope ratios 
of environmental. cosmetics and traditional remedies vary 
considerably reflecting the isotope ratios of the source 
from which the lead came. Lead added to petrol comes from a 
different part of the world to that which might be in
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plumbing or in remedies. The Pb206;Pb207 ratios are 
representatives of these.; sources. Thus the ratios of stable 
isotopes such as blood. soil, water, etc., can help to 
identify the source of lead, whether it is from petrol 
emission or from other sources. Thus, by carefully comparing 
the isotopic ratios of environmental, cosmetics and 
traditional remedies samples with those of blood, the main 
source can be determined.
5.4 RESULTS
5.4.1 Initial survey
The number of children aged 1 month to 12 years attending 
the outpatient clinic was 108 (males = 50, females = 58).
Descriptive statistics
Because of the non-Gaussian distribution pattern of some 
variables, as described in Chapter 4. non-parameteric 
statistical methods were used to evaluate the analytical 
data. In this study, haemoglobin and MCV levels below 11 
g/dl and 70 fl respectively were considered abnormal. 
Descriptive statistics for all the measured variables in 108 
screened children are illustrated in Table 5.3.
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Table 5.3 Descriptive statistics of Arar blood data in the 
108 screened children.
Variable n Mean SD Med i an Range
Age (years) 108 3,.27 2 .78 2,.00 0,.07- 12,.00
Pb (ug/dl) 108 13.,54 9..60 11. 07 3. 70- 67. 80
EP (ug/dl) 108 44 .37 36 .85 33,.13 19 . 57-295 .40
Hb (g/d1) 108 10., 69 1.,78 10. 70 6.,60- 16 .20
HCT (rat io) 108 32 . 44 4 ,.66 32,,60 21 .70- 47 .90
RBC. (X i o p /l) 108 4 .36 0 .48 4 ,.30 2,.64- 5 . 65
WBC (X 109."1) 108 7,.55 5 .06 6 ,.20 0,.90- 32 . 10
MCV (f 1) 108 7 4 .65 9 ,24 76 .40 50.,10-106 .00
MCH (pg) 108 24 .64 3 .73 25,.25 15,.00- 35 .90
MCHC (g/dl) 108 32,,87 1,.44 33..15 27., 60- 36 .,20
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Low Hb levels (less than 11 g/dl) were found in 60 of the
108 children (55.6%). Thus, the prevalence of anaemia was 
relatively high in these children. Of the 108 children 
screened, 48 (44%) had EP > 35 ug/dl. A significant
correlation was found between log lead and EP (r = 0.364. 
p=C). 0001). However . a stronger correlation was observed at 
blood lead concentrations equal to and greater than 20 ug/dl 
(r = 0.806, p = 0.0003). Since the low Hb might affect the
level of lead in whole blood, all lead values were corrected 
by their Hb. Therefore. the incidence of elevated lead 
levels was examined by considering two cutoff levels of
normal. Fig.5.3a,b presents cumulative frequency
distribution plots of lead and lead corrected for 
haemoglobin (Pb/Hb). It is evident that the data do not
follow a normal distribution pattern and the bends of the 
curves occur at about 20 ug/dl for the lead levels and 1.5 
ug/g Hb for Pb/Hb. Children with blood lead and Pb/Hb levels 
below these values follow a normal distribution curve 
(Fig.5.4a.b). Of the 108 children. 14% had lead values over 
20 ug/dl. whereas 23% had Pb/Hb over 1.5 ug/g H b . In this 
study evaluation of children with lead exposure was based on 
their Pb/Hb levels to increase the accuracy of the estimate 
of the lead in the blood. The prevalence rate of elevated 
Pb/Hb was highest in children under five years old (92%). 
Table 5.4 lists the results from children with elevated lead 
and Pb/Hb. Out of the 108 children only 8 had both elevated 
lead and EP levels (7.4%), whereas seven children had 
elevated lead levels but not EP (6.5%). Forty children (37%) 
had elevated EP.
Fig.5.3 Cumulative frequency distribution 
plots for: (a) blood lead data, 
(b) corrected lead by Hb in all 
the screened children (n=108).
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Table 5.4 List of children with elevated blood lead and 
Pb/Hb concentrations.
Child’s No. Pb (ug/dl) Pb/Hb (ug/g) Use of remedies
3 28.25 3.62 No
4 13.97 1.62 No
22 20.56 2.06 No
35 29.63 2.80 No
36 18.38 2.00 Yes
44 20.61 1.68 No
45 11.73 1.78 Yes
46 24.95 2.94 No
52 31.19 3.80 Yes
62 15.95 1.70 No
63 18.06 1.72 No
64 23.49 2.06 No
78 39.49 3.21 No
80 10.73 1.56 Yes
81 27.10 2.38 No
82 67.80 6.65 Yes
83 60.90 5.69 No
89 22.88 2.69 Yes
92 35.66 3.02 Yes
94 20.08 1.79 Yes
95 27.17 2.04 No
99 12.62 1.68 Yes
102 13.30 1.62 No
104 18.16 1.75 Yes
105 19.34 1.86 No
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Factors influencing lead exposure
Kruskal-Wal1 is one way analysis of variance was used to 
examine the effect of diet, use of traditional remedies, 
father's occupation, residential area, household hygiene, 
paint, water supply, sex, on blood lead (Table 5.5). Details 
of the analysis are shown in Appendix B.
Table 5.5 Kruskal-Wal1 is one way analysis of variance:
influence of feeding, father' s occupation,
residential area, condition of household, paint,
use of remedies, water supply and sex on blood
Pb and Pb/Hb.
Pb Pb/Hb
Factors n Mean ranks H P Mean ranks H p
Feeding:
Milk 18 29.78 14.07 0.0009 32.50 10.73 0.005
Breast 14 53.43 60.93
Solid food 76 60.55 58.53
Father's occupation:
Manual 39 55.23 4.71 0.194 55.51 4.10 0.251
Office 9 38.11 35.67
Military 57 57.79 57.33
Dead 3 31.67 44.00
Res i dent i a 1 areas:
Aziziah 23 56.74 4.34 0.74 54.52 5.54 0.594
Faisaliah 37 54.99 57.62
Khalidiah 11 53.50 53.45
Mohammadiah 6 50.75 59.33
Musadiah 6 40.33 35.33
Sandak 14 53.61 50.86
Security 7 71.43 68.71
Outside Arar 4 40.25 37.75
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Table 5.5- continued.
Pb Pb/Hb
Factors n Mean ranks H P Mean ranks H P
Condition of household:
Dirty 14 53.61 0.013 0.909 50.86 0.218 0.641
Clean 94 54.63 55.04
Paint:
Yes 92 53.61 0.101 0.75 54.14 0.014 0.907
No 15 56.37 53.13
Use of traditional remedies (data given before interview)*:
Yes 37 51.36 0.408 0.523 53.00 0.059 0.809
No 70 55.39 54.53
Use of traditional remedies (data given after interview)*:
Yes 47 60.56 3.75 0.053 61.81 5.31 0.021
No 60 48.86 47.88
Sex:
Female 58 52.09 0.739 0.39 50.00 2.59 0.108
Male 50 57.29 59.72
Water supplies:
Pipes 94 54.63 0.013 0.909 55.04 0.218 0.641
Tanks 14 53.61 50.86
* Information volunteered in questionnaire was found to be 
unreliable and further details were obtained at interview 
(see below) changed the response to 10 children.
The average ranks for both Pb and Pb/Hb were significantly 
higher for children who received breast milk and solid food. 
According to the answers given during the first survey, it 
appeared that traditional remedies were not widely used and
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a significant effect was not found. However the parents did 
not always tell the truth because most of them were afraid. 
They did not fully understand the problem concerning the 
hazards of lead due to the use of remedies. Therefore, in 
the second survey, we decided that it was important to 
explain simply the hazards of the use of traditional 
cosmetics and remedies. Also, it was necessary to emphasise 
that their co-operation would be mainly for the benefit of 
their children’s health. By using this approach, we found 
parents were more understanding and helpful, also they were 
keen to know the results.
When comparing the answers in the questionnaire from the 21 
children with elevated lead levels with their answers in the 
follow up survey, it was apparent that the interviews gave 
more precise and detailed information about use of 
traditional remedies, and 10 of the children were using 
these. Repeating Kruskal-Wal1 is analysis after correction 
for these 10 answers showed that the use of traditional 
remedies had a more definite effect on Pb and was more 
pronounced with Pb/Hb. Thus, we should take into 
consideration that the answers from the other 60 children 
who did not admit the use of remedies and who were not part 
of the follow-up survey might not be true.
5.4.2 Follow-up Study
Children with elevated Pb/Hb values (n=21) were referred to 
the Outpatient Paediatric Clinic for further investigations 
and a repeat blood sample was taken. The blood lead 
concentration for one child had fallen to normal by the time
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of the repeat analysis. Basophilic stippling of red blood 
cells was not found in any of the samples. Descriptive 
statistics of all the measured variables in these children 
are presented in Table 5.6.
Table 5.6 Descriptive statistics of Arar children with 
elevated blood lead data.
Variable n Mean SD Median Range
Age (years) 21 2.77 1.84 2.33 0.83- 9.00
Pb (ug/dl) 21 23.03 7.59 21.47 13.85- 42.57
EP (ug/dl) 21 54.89 44.20 36.54 17.24-193.50
Hb (g /dl) 21 10.88 1.56 10.90 7.80- 14.70
HCT (ratio)
(X iop/i)
20 32.87 4.15 32.60 25.30- 43.80
RBC 20 4.63 0.42 4.60 3.98- 5.55
WBC (X 109/1) 20 8.40 2.77 7.35 5.30- 15.70
MCV (fl) 20 71.51 10.26 76.10 52.30- 85.50
MCH Cpg) 20 23.75 4.05 25.75 16.60- 28.80
MCHC (g /dl) 20 33.10 1.43 33.10 30.90 -35.30
Serum Fe(umol/l) 19 4.15 1.52 4.30 1.30 - 7.30
Ca (umol/1) 20 2.53 0.16 2.52 2.31 - 2.87
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The age distribution of children with elevated lead levels 
is shown in Fig.5.5. Of the 21 children, the prevalence of 
lead exposure was higher in children under five years of age 
(90%). None of the children had overt symptoms of lead 
poisoning. Serum iron (Fe) results were very low due to 
inhibition of iron uptake by lead. However, the data were 
provided by the Arar Hospital and, therefore we can not be 
sure of the accuracy of the methodology employed. Serum 
calcium (Ca) levels were within the normal range (2.02-2.6 
umol/1).
Family study
A comparison of the blood Pb and Pb/Hb results between these 
21 children and their relatives is shown in Table 5.7. In 17 
children (81%), Khol, an eye cosmetic, was applied either to 
the eye or umbilicus at birth. In addition, a teething 
powder called "Frouk" was applied to the gums of one child. 
Out of the 21 children’s families, eighteen admitted the use 
of traditional remedies and cosmetics (86%). One family did 
not admit the use of Khol or any other traditional remedies 
and the other two families were unsettled. .
Elevated Pb/Hb levels were found in fourteen families 
(66.7%) out of the 21. Five families had low Pb/Hb, whereas 
two of the children’s families were unsettled, therefore, it 
was difficult to obtain access to other family members. 
However, these two children were accompanied by the fathers 
and blood samples were taken from each. One of the fathers 
confirmed the use of Khol by the mother.
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Table 5.7 Comparison between the follow-up children with 
elevated blood lead and corrected lead by Hb 
Cpart 1) and their relatives (part 2).
Part 1:
Child's Pb Pb/Hb Use of remedies
No. (ug/dl) (ug/g)
22 25.12 2.35 No
35 21.47 1.80 Yes
36 17.29 1.57 Yes
44 32.60 2.22 Yes
45 18.58 1.62 Yes
46 19.24 2.26 Yes
52 27.58 2.81 Yes
62 21.60 1.91 No
63 13.85 1.27 Yes
64 26.71 2.41 Yes
78 37.66 3.11 No
80 24.98 2.31 Yes
81 28.89 2.17 Yes
83 42.57 4.02 Yes
89 16.07 1.71 Yes
94 23.11 1.99 Yes
95 19.92 1.69 Yes
99 16.16 2.07 Yes
102 15.71 1.50 Yes
104 19.11 1.82 Yes
105 15.43 1.77 No
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Table 5.7- continued. 
Part 2:
Ch i1d ’s re1at i ves
No .of Mean Range Mean Range Age Use of
re1at ives Pb Pb/Hb remedies
for each (ug/dl) (ug/g)
ch i 1 d
8 (22) 22.85 12.81-32.89 1.72 1.18-2.35 2.00-40 Yes
9 (35) 15.75 8.68-38.26 1.37 0.65-4.20 0.67-60 Yes
2 (36) 7.01 4.53- 9.48 0.51 0.41-0.61 18.00-27 Yes
1 (44) 10.36 0.56 35.00 No
2 (45) 6.01 4.50- 7.51 0.56 0.41-0.71 12.00-30 Yes
6 (46) 11.62 5.41-17.54 0.89 0.50-1.14 4.00-25 Yes
5 (52) 14.42 11.21-18.76 1.15 0.89-1.69 0.67-30 Yes
9 (62) 16.24 7.84-22.06 1.40 0.61-1.97 0.58-25 Yes
3 (63) 9.82 5.05-15.31 0.75 0.40-1.25 4.00-46 Yes
7 (64) 23.71 15.14-34.52 2.29 1.14-4.92 1.25-40 Yes
5 (78) 21.61 14.55-39.49 1.63 0.97-3.26 7.00-45 No
6 (80) 19.29 14.98-28.72 1.51 0.96-2.33 3.00-30 Yes
6 (81) 27.65 11.86-37.44 1.96 0.80-2.69 4.00-60 Yes
11 (83) 11.68 1.98-19.60 0.97 0.19-2.18 2.00-50 Yes
1 (89) 5.97 0.54 25 .00 Yes
7 (94) 24.19 14.75-29.79 1.83 1.16-2.35 3.25-33 Yes
5 (95) 11.90 8.30-14.93 0.90 0.54-1.19 2.00-55 Yes
11 (99) 15.01 10.47-24.77 1.17 0.70-1.86 3.00-50 Yes
9 (102) 25.26 6.62-47.33 1.92 0.52-3.59 2.42-33 Yes
4 (104) 19.95 12.71-32.13 1.75 0.73-2.63 1.50-25 Yes
3 (105) 16.50 13.46-21.80 1.37 0.92-1.83 5.00-40 No
Numbers between parentheses represent number of child listed 
in part 1 of table 5.7.
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Samples including different kinds of Kohl, teething powders, 
Henna, Bokhoor, and home-made recipes were collected from 
eleven families. Additional samples including Kohl, and 
Henna, were purchased from Abu Kassam (a famous local healer 
from whom most of Arar residents buy their traditional 
remedies). He imported these samples from India, Morocco, 
and Kuwait.
Radiological examination
X-rays taken of the long bones in 21 children were reviewed 
by a paediatric radiologist. The X-ray of one child was not 
clear. Each X-ray was examined without the knowledge of the 
blood lead level and graded as extensive, moderate, and mild 
according to the characteristics of the metaphyseal line. In 
the X-ray of 16 children (80%), metaphyseal lead lines were 
found ranging from mild to extensive. Out of the 16 
children, four showed the extensive metaphyseal lead lines, 
three children had moderate, and nine had mild. Out of the 
16, there were 15 children who had blood lead levels greater 
than 1.5 ug/g Hb (10 children had blood lead levels greater 
than 20 ug/dl). Four children had normal X-rays, although 
their blood lead levels corrected blood by Hb were greater 
than 1.5 ug/g Hb. Fig.5 .6 shows X-rays of two subjects where 
it is possible to see more than one distinct line, 
i nd i cat i ng prev i ous ep i sodes of exposure.
Fig. 5.6 Long bone X-rays of two children 
with two distinct lead lines 
indicating two episodes of lead 
exposure.
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Environmental evaluation
Table 5.8 shows the means and ranges of concentrations of 
lead in dust, water, and soil in the houses of the 21 
children with elevated blood lead levels. Although 13 of the 
21 children were living in poor hygienic conditions, no lead 
hazard was found from soil, water, and dust in any of the 
these homes. As shown in Table 5.9, Spearman rank analysis 
showed no correlation between blood lead levels and house 
dust, soil, or water.
Table 5.8 Mean (+.SD), and ranges of lead content in the 
dust, soil, and water samples from houses of 
children with elevated blood lead levels.
n Mean + SD Range Normal Range*
Dust (ug/g) 17 89.42+48•0 13.49-175.41 18 - 11,000
Soi 1 (ug/g) 10 25.50+46.04 4.81-155.89 <100->10,000
Water (ug/1) 20 4.18+ 6.82 0.20- 26.04 <1 - 20
*Boecckx(1986).
Table 5.9 Spearman rank correlation coefficients of lead
1eve1s in house dust, soil, and water, with lead
levels in blood.
Correlation Coefficient Level of Significance
Dust 0.037 0.883
Soi 1 0.552 0.098
Water 0.184 0.424
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The atmospheric and soil levels of lead in six different 
zones of Arar are given in Table 5.10 and two sampling sites 
were chosen within each zone.
Most of the sampling took place between 8.00-17.00 hours. 
The acceptable limit for airborne lead is 0.5 to 2 ug/m^ 
(Chapter 2, Section 2.5.1). The highest airborne lead level 
(3.68 ug/m^) was found in the Musadiah area which is near a 
vegetable market. Of the 6 children who lived in this area 
and who were part of the first survey, none showed elevated 
blood lead. On the other hand, the lowest airborne lead 
levels were found in Faisaliah, where nine of the 21 
children with elevated blood levels (42.9%) lived. Lead 
levels in the soil samples from all of the locations were 
not increased.
Table 5.10 Concentrations of lead in air and soil and
distribution of screened children and exposed 
children different zones of Arar.
Location Airborne Pb 
(ug/mJ)
Soil Pb 
(ug/g)
No. of children High lead 
children
Fa i sa1i ah 0.400
0.163
16.26
14.00
37 9
Aziziah 1.222
0.651
16.73
12.46
23 2
Mohammad i ah 0.733 
0.898
13.64
17.93
6 3
Musadiah 0.546
3.681
16.67
23.05
6
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5.4.3 Identification of sources of exposure to lead in Arar 
children using the isotope ratio technique
The isotopic ratios and the lead concentrations of the blood 
samples from 5 of the 21 children are presented in Table 
5.11. The average 206/207 isotopic ratio of these blood 
samples was 1.144 + 0.027. The average lead concentrations
in these blood samples was 27.35 + 7.385 ug/dl.
Table 5.11 Lead levels and isotope ratios in blood samples 
of Arar children.
Sample Blood Pb Pb 206/207
No. (ug/dl) Rat io RSD (%)
1 39.37 1.105 0.69
2 22.79 1.150 0.25
3 24.87 1.134 0.38
4 29.01 1.156 0.43
5 20.72 1.177 0.10
Fig.5.7 summarizes the 206/207 ratios found in the soil,
petrol, cosmetics and traditional remedies. The lead
isotopic ratio in petrol Cl.207) was much higher than that 
of the children’s blood. The isotope ratio of one soil 
sample and two dust samples were 1.145, 1.144 and 1.146 
respectively. These were similar to that of blood samples (p
= 0.993). However, the average isotopic ratios of the 25
cosmetics and remedies (1.152) were not significantly 
different from that of blood samples (p = 0.634) as
illustrated inFig.5.7.
Fig.5.7 Lead isotope ratios (206/207) in the 
following samples: Blood samples from 
children living in different parts of 
Saudi Arabia (O); Blood samples from 
Children living in Arar (•); Teething 
powdper (T); Henna (H); Noqd (N); 
Anzroot (A) : Bint dahab (■): Khol (A); 
Bokhoor (□); Soil (S); Dust (D) ; and 
Petrol (P) .
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From Fig.5.7, it is apparent that two children had low 
isotope ratios <1.105, 1.134), which were significantly
different (p < 0.0001) from the ratios found with the 
traditional cosmetics and remedies (Khol, Bokhoor, Anzroot, 
Noqd and teething powder), but similar to those of Henna, 
Bint dahab, Noqd and two teething powder samples (p = 
0.646). On the other hand, the lead isotope ratios of the 
other three children were high Cl.15-1.177) and not 
significantly different from the ratios of the traditional 
cosmetic and remedies (p = 0.379). Table 5.12 lists the mean 
lead concentrations and isotopic ratios of soil, dust, 
petrol, samples of cosmetics and traditional remedies.
Table 5.12 Lead concentrations and isotopic ratios 
C206/207).
Sample n Average lead ratios 
(206/207)
Average lead 
(mg/g)
Soil 1 1.145 2.056
Dust 2 1.144, 1.146 0.04, 0.02
Cosmetics and 25 1.152 Cl.051-1.186) 62.85 (0.0001-497.3)
Remedies*
Petrol 1 1.207 16.56**
Khol, teething powder, Bokhoor, Henna, Noqd, Anzroot and 
Bint dahab.* * mg/dl
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The highest lead concentrations were found in bint dahab 
(497.3 mg/g) and in an orange coloured teething powder 
locally called ’Santrinj’ (454.4 mg/g). The isotopic ratios 
of both were low (1.085 and 1.051 respectively). White 
teething powder had very low lead concentration but with low 
isotope ratio (1.137). On the other hand, a black teething 
powder had 1.14 mg/g lead, but with a higher isotope ratio 
of 1.179. Of the 14 Khol samples, eleven samples had high 
average of lead concentration (26.67-126.53 mg/g). On the 
other hand, three samples had lower lead concentration 
(0.122-0.901 mg/g) but the isotope ratios were similar for 
all specimens.
Henna and Bokhoor samples had the lowest lead concentration. 
The lead concentrations in two Henna samples were 0.021 and 
0.049 mg/g respectively but with different isotope ratios, 
the first had low ratio (1.108), whereas the second had high 
(1.14) (Mercury was detected also in one of the Henna 
samples). The isotope ratios for two Bokhoor samples were 
1.171 and 1.16 respectively with low lead concentrations 
(0.021, 0.052 mg/g respectively). Also, two Noqad samples 
with different isotope ratios had very low lead 
concentrations, the first had (1.12), and the second had 
high (1.172). Another remedy used frequently by Arar 
inhabitants called "Anzroot" with isotope ratio (1.159) had 
low lead concentration (0.002 mg/g). [In addition, six other 
blood samples from children living in different parts of 
Saudi Arabia were analysed (Fig.5.7). The mean isotopic 
ratio was 1.124 + 0.02, which was not significantly
different from the low isotopic ratios of the cosmetics and 
remedies (p = 0.314)].
CHAPTER 6
LEAD, ERYTHROCYTE PROTOPORPHYRIN AND HAEMATOLOGICAL 
PARAMETERS IN NORMAL MATERNAL AND UMBILICAL CORD 
BLOOD FROM SUBJECTS OF THE RIYADH REGION
256
Results from the previous studies (Chapters 4 and 5)
encouraged us to examine the prevalence of prenatal lead 
exposure in the Saudi capital city of Riyadh by measurement 
of maternal and cord blood lead concentrations.
As discussed in Chapter 2, elevated EP is encountered in 
both lead exposure and iron deficiency. However, several 
studies have demonstrated that infants are born with
elevated EP values (Hsia and Page, 1954; Rajegowda et al , 
1972; Handa and Sharma, 1977; Faldella et al, 1983). This 
may reflect a foetal iron deficiency present at birth
(Gottuso et al, 1978) rather than lead poisoning, but Chong
(1984) suggested that elevated EP in cord blood is related 
to diminished maternal iron stores, during the last 
trimester i.e. at the time of formation of foetal red cells. 
Additionally, in mothers who have mild iron deficiency 
anaemia, there is little or no effect on the concentration 
of haemoglobin in the foetus and the newborn (Daliman, 
1987). However, when the mother has severe iron deficiency 
anaemia during pregnancy, the haemoglobin concentration in 
the newborn can be substantially decreased, though to a 
lesser extent than in the mother (Singela et al, 1978).
In the light of these studies, it seems misleading to use EP 
measurements as an index of lead exposure in cord blood 
specimens. Therefore, it was decided to examine the 
relationship between cord blood lead, EP and other 
haematological parameters and the corresponding maternal 
values. Finally, the relationships between maternal blood 
lead data and birth weight of the newborn, and maternal use 
of Kohl and cord blood lead were examined.
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In this study, correction of all lead and EP data, in both 
maternal and cord blood, by their Hb concentrations was 
performed to test whether discrepancies between results 
exist with respect to high foetal Hb values. Similar results 
were observed, therefore, it was decided to use uncorrected 
lead data for both maternal and cord blood throughout this 
study.
6.1 STUDY DESIGN
During 1986 and 1987, a survey was undertaken among 124 
pregnant women living in Riyadh. Two mothers had twins, so 
that the total number of newborn was 126. A questionnaire 
was filled in by each mother which included requests for 
details of history of medical illness (before and during 
pregnancy) and Kbol application. None of the mothers had 
obstetric complications at delivery. Blood was collected 
from the mother and the umbilical cord of the newborn and 
analysed for lead, EP and haematological parameters.
6.2 RESULTS
Descriptive statistics (mean, median, standard deviation, 
and the range) of both maternal and cord variables are 
presented in Table 6.1 and 6.2 respectively.
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Table 6.1 Descriptive statistics for the maternal 
variables.
Variable n Mean SD Median Range
Age (years) 123 26.92 6.65 25.00 15.00- 48.00
Pb (ug/dl) 124 5.96 2.60 5.49 2.46- 20.39
EP (ug/dl) 124 35.39 11.28 33.02 12.16- 74.51
Hb (g/dl) 124 12.03 1.34 12.10 7.90- 15.60
HCT (rat iol 
(X i o P / 1 )
124 37.66 3.87 37.50 27.50- 48.40
RBC 124 4.29 0.487 4.29 3.30- 6.12
WBC (X 109/1) 124 9.50 3.68 8.70 1 . 4 0 - 2 6 . 2 0
MCV (fl) 124 86.52 8.53 87.60 59.40-102.00
MCH Cpg) 124 27.68 3.13 27.95 17.20- 35.90
MCHC (g/dl) 124 31.95 1.49 32.00 26.60- 38.10
Table 6.2 Descriptive statistics for the cord v a r i a b l e s .
Variable n Mean SD Median Range
W t . (kg) 73 3.21 0.458 3.24 1.87- 4.30
Pb (ug/dl) 126 4.14 1.81 3.74 1.59- 9.94
EP (ug/dl) 126 53.51 19.33 49.98 16.97-177.30
Hb (g/dl) 126 15.22 1.71 15.40 10.00- 20.40
HCT (ratio! 126 47.98 5.74 48.25 31.50- 64.10
RBC (X i o P / i ) 126 4.40 0.485 4.44 2.97- 5.96
WBC (X loVl-) 126 12.11 4.94 11.55 3.30- 31.20
MCV (fl) 126 109.16 7.88 109.00 81.00-134.00
MCH (pg) 126 34.70 2.61 35.10 26.20- 40.90
MCHC (g/dl) 126 31.79 1.81 31.90 26.80- 34.10
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The cumulative frequency distributions of lead data in both 
maternal and cord blood were skewed (Fig.6.1). These 
distribution were normalized by logarithmic transformation 
(Fig.6.2).
The t-tests for the mean differences for all measurements 
between maternal and cord blood are summarized in Table 6.3.
Table 6.3 Means, standard deviations, and t-tests of 
measured variables in maternal versus cord 
blood.
Mean + SD
Variables Maternal Blood Cord Blood t test P
Log Pb 0.740 ± 0.174 0.579 ± 0.182 7.14 <0.0001
EP 35.39 + 11.28 53.51 + 19.33 -9.04 <0.0001
Hb 12.03 + 1.34 15.22 ±. 1.71 -16.42 <0.0001
HCT 37.66 ±. 3.87 47.98 + 5.74 -16.63 <0.0001
MCV 86.52 ±. 8.53 :109.16 + 7.88 -21.80 <0.0001
MCH 27.68 + 3.13 34.70 ±. 2.61 -19.27 <0.0001
MCHC 31.95 ±. 1.49 31.79 ±. 1.34 0.882 >0.05
RBC 4.38 + 0.487 4.40 + 0.485 - 0.395 >0.05
WBC 9.50 + 3.68 12.11 + 4.94 - 4 . 7 3 <0.0001
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Lead levels were significantly higher in maternal than in 
cord blood (p < 0.0001). No significant differences were
found between maternal and cord blood MCHC and RBC but the 
means of EP, Hb, HCT, MCV, MCH, and WBC in maternal blood 
were significantly lower than those observed in cord blood
(p < 0.0001).
Initially, the relationship between lead and all the 
measured variables in maternal and cord blood was 
investigated using simple correlation analysis. Most 
correlations were low to moderate. The correlations among 
the maternal variables, (Table 6.4) indicate that maternal 
lead levels were positively correlated with EP (p < 0.05) 
and RBC (p < 0.0001) and negatively correlated with MCV (p<
0.0005).
Table 6.4 Correlation analysis of maternal blood measured 
variables (n=124).
Variable Pb p values
EP 0.209 0.02
Hb 0.155 0.085
MCV - 0.329 0.0002
RBC 0.456 0
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On the other hand, when correlations among the cord blood 
variables were investigated (Table 6.5), cord lead levels 
showed significant positive correlations with Hb, and RBC, 
but not EP, and negative correlations with MCV.
Table 6.5 Correlation analysis of cord blood measured 
variables (n=126).
Variable Pb p values
EP 0.103 0.250
Hb 0.253 0.004
MCV - 0.196 0.028
RBC 0.363 0
The intercorrelations between all the measured variables in 
both maternal and cord blood were examined (Table 6.6). The 
best correlation was observed between cord and maternal lead 
levels (r =0.83, p < 0.0001) as demonstrated in Fig.6.3.
Apart from MCV, MCH and RBC in maternal blood, no other 
parameters showed any relationship with cord lead levels.
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Table 6.6 Intercorrelations of cord and maternal blood 
variables.
CPb CEP CHb CHCT CMCV CMCH CMCHC CRBC
MPb .83
CO)
.02
(.79)
.112
(.21)
.071
(.43)
-.237
(.01)
-.18
(.04)
.071
(.43)
.245 
(.006)
MEP .133
(.14)
.16
(.07)
-.001
(.99)
.002
(.98)
-.103
(.25)
-.105
(.24)
-.004
(.97)
.081
(.37)
MHb .082
(.36)
-.04
(.68)
.175
(.05)
.11
(.22)
.179
(.045)
.249
(.005)
.14
(.12)
-.010
(.92)
MHCT .075
(.40)
-.02
(.82)
.171
(.06)
.199
(.03)
.199
(.03)
.12
(.18)
-.124
(.17)
.074
(.41)
MMCV -.252 
(.004)
-.07
(.42)
.095
(.29)
.125
(.16)
.500
(0)
.418
(0)
-.10
(.27)
-.211
(.02)
MMCH -.208
(.019)
-.08
(.35)
.092
(.30)
.029
(.75)
.425
(0)
.496
(0)
.166
(.06)
-.264
(.003)
MMCHC .024
(.79)
-.04
(.62)
.043
(.63)
-.172
(.06)
-.001
(.99)
.338
(0)
-.606
(O')
-.188
(.04)
MRBC .297
(.001)
.03
(.72)
.047
(.60)
.044
(.63)
-.297
(.001)
-.288
(.001)
-.015
(.87)
.250
(.003)
C: Cord.
M: Maternal.
Values between parentheses represent the "p values".
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The results were also examined with respect to the 
relationship between maternal and cord EP levels, and the 
measured haematological parameters. Apart from Hb and EP, 
the cord HCT, MCV, MCH, MCHC, and RBC showed different 
degree of significant positive correlation with their 
corresponding values in mothers.
Finally, the relationship between maternal lead levels and
birth weight of newborns was evaluated. Of the 126 newborn,
birth weight was recorded in only 73. There was a weak but
significant negative correlation between birth weight and 
maternal blood lead levels (r = - 0.271, p = 0.02)
(Fig.6.4).
No associations were found between the use of Khol by the 
mother and lead in either maternal (r = - 0.125, p > 0.05) 
or cord blood (r = - 0.072, p > 0.05).
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FINAL DISCUSSION
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I. LEAD EXPOSURE AND THE PAEDIATRIC POPULATION 
The prevalence of lead exposure in Saudi Arabia
As a result of the large survey of 1047 children from 
different parts of Saudi Arabia who attended the Outpatient 
Clinics of KFSH, it is clear that a potential problem of 
undue lead exposure does exist in the Kingdom. Our data show 
a prevalence of 3.5% elevated blood lead concentrations 
(above the upper acceptable limit 25 ug/dl). It is 
considered to be high when compared with other studies 
carried out e.g. in the UK where the prevalence rate of 0.1- 
0.18% was found (Taylor et al, 1985a; Department of
Environment, 1988) and in the USA where Mahaffey et al
(1982b) found the prevalence was 2% among White children. On
the other hand, it compares favourably with data obtained 
from Black children in the same USA study where the
prevalence was 12% (Mahaffey et al, 1982b). These authors
found a strong association between socio-economic factors 
and demographic factors including family income and degree 
of urbanisation of the place of residence.
The present study afforded the opportunity to explore 
possible relationships between blood lead concentrations 
with the age, sex, province (place of residence) of 1047 
Saudi children, where several statistical analyses were 
necessary.
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Age
Consistent with other studies, the mean blood lead 
concentrations increased over the first five years of life, 
then began to decrease to reach a minimum at about the age 
of 16 years. This finding is to a large extent in agreement 
with the report by Billick et al (1979) who tested the 
variation of the geometric mean blood lead level with age. 
These authors found that blood lead level were lowest for 
the 1-12 month group and generally reached the highest level 
between 2 and 4 years of age, usually at 3 years. Also the 
British Royal Commission on Environmental Pollution (1983), 
showed that mean blood lead increased steeply over the first
two or three years of life to a peak between 2 and 4 years,
then began to decrease to a minimum at about the age of 12 
years. Walter et al (1980) showed that factors such as 
household dust, soil, and the pica habit are related to 
elevated blood lead levels in children <2-7 years old. Based 
on previous observations, it is likely that several factors 
are involved in the higher prevalence of elevated blood lead 
levels in young children. Hand-to-mouth habits or the 
presence of pica increases the possibility of ingesting
lead. In addition the intestinal absorption of lead in 
children at 42-53% is higher than adults (1-10%) (see
Chapter 2, Section 2.6.1).
Sex
There was no difference in blood lead concentrations between 
males and females when the entire population was evaluated.
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However, when children older than 6 years of age were 
examined, differences were found with boys having higher 
blood lead concentrations than girls. This finding is in 
agreement with other studies. The UK-EEC study found that 
blood lead concentrations in boys and girls (aged 6 to 7) 
were the same whereas in adult males, levels were higher by 
about 30% than in females (Department of Environment, 1988). 
Mahaffey et al (1982b) and Annest (1983) found that among 
young children, sex was not significantly associated with 
the blood lead concentrations, whereas from six to 17 years 
of age, there was a significant difference in the blood lead 
level between boys and girls. This sex difference in blood 
lead concentration may be attributed to the fact that men 
are more likely to be exposed to lead through their 
activities, occupations, and hobbies than women. However, in 
Saudi Arabia, cultural behaviour represents an additional 
factor.
Geographical distribution
The blood lead levels of children living in the Eastern 
Province were higher than those from other provinces. Out of 
the 37 children with elevated blood lead levels, 17 were 
from the Eastern Province. The blood lead concentrations of 
these 17 children were in the range 26.13 to 64.82 ug/dl 
with a mean of 38.01 ug/dl. The cities that these children 
came from are indicated in (Table 7.1).
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Table 7.1 The distribution of children with elevated blood 
lead levels in different small cities of the 
Eastern Province.
City No. of children screened No. of childrei 
with high Pb
Dahran 18 1
Dammam 37 2
Ehssa 49 6
Abqiq 7 1
Hafar Batin 14 1
Hofouf 15 1
Jubai1 10 1
Khafgi 2 1
Qat if 8 1
Safwa 3 1
Sehat 6 1
Total 169 17
Most of the children with elevated blood lead concentrations 
in this study came from small town e.g. Ehssa, Abqiq, 
Hofouf, etc. rather than from cities such as Dammam and 
Dahran. This suggests that factors such as socio-economic 
status, cultural habits (diet, use of traditional remedies 
or cosmetics) may be involved. Apart from a study by Khattak 
(1982), who found very high concentration of lead in the 
dust of Dahran (which he attributed to leaded petrol and 
industrial emissions), there is no other work relevant to
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environmental sources of lead. It should also be noted that 
a large number of patients with cardiac problems were 
referred to King Faisal Specialist Hospital and Research 
Centre from the Eastern Province. As discussed in the next 
Section, this may be a major contributory factor.
On the other hand, the blood lead concentrations in the 
Western, Central, Southern and Northern Provinces were not 
different. Earlier studies (Chapter 1) showed that there is 
no major environmental problem, although high airborne lead 
was noticed in some locations of Riyadh city. This lead, 
due to high traffic may be considered as contributing to the 
problem of lead exposure in Saudi children. Also, recent 
studies by Ahmad et al (1988, 1989) showed the highest lead 
concentrations in the hair of children living in Jeddah 
(23.3 ug/g), Makkah (17.6 ug/g) and Tabuk (10.9 ug/g). The 
authors attributed this mainly to environmental lead 
pollution. However, the hair lead levels in Riyadh were 
within the acceptable range (5.1 ug/g), since Riyadh is 
considered to be a new, clean and well planned city. The 
authors did not conduct an environmental survey and, 
therefore, it is difficult to compare our environmental 
results in Riyadh with their results. Their conclusion was 
based on certain assumptions and there may be other 
important factors, in addition to environmental sources, 
that contribute to the problem.
Diagnosis
Diagnosis was investigated owing to the fact that our 
studied population represents children with different kind 
of clinical problems. Therefore, it was necessary to check
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whether diagnosis had an association with the blood lead 
concentrations of these children. Children with cardiac and 
mild clinical problems tended to have higher blood lead 
concentration than children with other clinical problems. 
This could be due to the fact that these children are living 
their life normally in spite of their illness. Therefore, 
they are more likely to be exposed to sources of lead than 
children with serious illness such as neurological, cancer, 
renal or various other illnesses where children are more 
protected. Due to the limitation of this study, it was
difficult to explain why these diagnostic groups in
particular had higher blood lead concentrations.
Definition of the Saudi reference range for lead in blood
In this study, the blood lead data distribution in the
entire population suggests the existence of two mixed
populations among the studied children. This raised an 
important question-whether this is related to the existence 
of two different type of lead exposure or due to other
factors? Due to the lack of a suitable alternative
biological index that can be use to classify the screened 
children into two groups, the mathematical model by Hudson
(1966) was applied. A cut-off point of 12.59 ug/dl was found
where the two populations separate. This reveals that about 
77.4% of the children have lead levels below 12.59 ug/dl. 
This represents the first population within the screened 
children (reference population). Children with lead levels 
above 12.59 ug/dl (22.7% of the entire screened population)
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and in the range 12.65 to 85.63 ug/dl are considered as the 
exposed population. This range is extremely disturbing, when 
compared to results from a recent study by Schroeder (1989) 
which showed that neurological deficits in children can 
occurred at blood lead levels across a range of 6.3 to 47.4 
ug/dl.
After excluding the exposed children (blood lead 
concentrations above 12.59 ug/dl) from the entire 
population, only the diagnostic group showed a significant 
association with lead in blood suggesting that such 
concentrations are characteristic of the entire population 
and not simply due to children with elevated concentrations 
of lead in blood. On the other hand, no effect was seen with 
respect to geographical distribution. This indicates that 
the source of exposure is likely to be due to cultural 
habits within certain areas rather than environmental 
factors, otherwise the geographical effect would have 
persisted, but with downward shift in the distribution of 
blood lead concentrations. Age, also had no effect among the 
reference population since 152 (64%) of the exposed
population were less than five years old. Similarly, sex 
showed no association with the reference population even 
among older children (> 6 years). Even, when we examined the 
sex effect on the exposed children, no significant
correlation was observed. This may be a reflection of the 
age-distribution, with 74% of the exposed children younger 
than 6 years.
These observations led us to conclude that young Saudi 
children, like children from other countries, are especially 
susceptible to lead exposure and to consider which
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Saudi circumstances produce the group with high exposure. 
Firstly, the use of traditional cosmetics and remedies by 
some families within certain, mainly rural, areas. Secondly, 
other factors such as socioeconmic and cultural factors, 
which include children's habits (i.e playing in the streets 
and eating with fingers) might be involved. Therefore, to 
identify source of lead exposure we should focus our study 
within certain subpopulation (mainly those living in rural 
areas) where cultural habits are still practised. This was 
achieved when an infant from Arar region was admitted to 
Maternity and Childrens Hospital in Riyadh with lead- 
intoxication (see Chapter 5). This gave us the opportunity 
to investigate the problem thoroughly.
II. CLINICAL TOXICITY OF LEAD (THE ARAR INVESTIGATION) 
Clinical findings
Children in the Arar Hospital with blood lead levels less 
than 20 ug/dl or corrected (Pb/Hb) less than 1.5 ug/g, were 
considered within the acceptable limit. The survey showed a 
high prevalence of elevated lead levels (23%) in the 
children attending the Outpatient Clinics and 92% of those 
under the age of five years had evidence of increased 
exposure to lead. This observation is consistent with the 
CDC recommendation (1985) that priority for lead screening 
should be given to children between the ages of 9 months and 
6 years.
Another clinical observation of particular interest was the 
presence of lead lines in the X-rays of the long bones for
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children with elevated blood lead concentration. It is known 
that lead lines in the long bones of children with elevated 
blood lead levels become visible after at least 4 to 8 weeks 
from the commencement of exposure. Wide, intense lines 
indicate prolonged previous lead absorption but not recent 
exposure (CDC, 1985). In the present study, out of the 20 
children whose X-rays were examined, lead lines were 
identified in the long bones of 16, four of them had very 
extensive metaphyseal lead lines which indicated prolonged 
lead exposure. The lead lines in the other 12 children were 
mild to moderate, which may reflect an exposure period of 
between A-8 weeks (CDC, 1985). However, two children had 
more than one band separated by normal bone, suggesting at 
least two distinct episodes of lead exposure. This finding 
is consistent with the use of lead-rich cosmetics and 
remedies as a major source of exposure to lead. 
Environmental lead exposure would not provide such distinct 
episodes. Because of the high incidence of anaemia among 
children, the relationship between blood lead level 
corrected by Hb and lead deposition in the long bones was 
examined. Children with blood lead levels above 1.5 ug/g Hb 
had evidence for lead deposition in the bones (94%). This 
contrasts with the four children whose blood lead levels 
were above 1.5 ug/g Hb but their X-rays were normal, which 
is attributed to recent lead exposure since negative X-rays 
cannot rule out lead poisoning (Betts et al, 1973; CDC,
1985).
Factors influencing lead exposure
Many factors were investigated in this study with respect to 
blood lead concentrations (see Chapter 5, Section 5.4).
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(a.) Dietary habits
In this study, it was found that breast milk and solid food 
had significant association with blood lead levels. As was 
mentioned earlier (Chapter 2, Section 2.5.A) nutritional 
intake is one important source of lead during infancy and 
childhood. However, many studies suggest that lead 
concentrations in breast milk are so low as not to pose a 
threat to the infant’s health if it is the only source of 
exposure (Rockway et al, 1984; Larsson et al, 1981;
Chatranon et al, 1978). However, a recent study by 
Silbergeld et al (1988) showed that lead in the bone is 
mobilized into blood during conditions of demineralisation 
such as pregnancy, lactation and osteoporosis. Assuming this 
is the case in this study, lead release would be in 
significant amounts since breast feeding is common for 
children up to two years of age among rural Saudi 
communities as part of traditional customs (Sebai, 1981;
Abdulla et al, 1982; Rahman et al, 1982).
Also the child’s diet might influence the absorption of 
lead. Diets poor in calcium, iron, zinc, phosphorus, 
protein, Vitamin D and with high fat intake increase lead 
absorption (Mahaffey, 1981, 1982). Although we did not
conduct a dietary survey to identify the nutritional 
deficiencies, a previous study by Abdulla et al (1982) 
suggested that malnutrition is a prevalent problem in Saudi 
Arabia. Sebia (1981) conducted a dietary survey in a nomadic 
Saudi community and found that children’s food is mainly 
high in carbohydrate, low in protein and vitamins. However a
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better picture was seen in the Arar study where the high 
incidence of low Hb levels among the children provides 
strong evidence of iron deficiency. This deficiency could be 
due to either reduced iron in the diet or to inhibition of 
absorption by lead (see Chapter 2, Section 2.6.1).
Diagnosis of iron deficiency was based on the presence of 
low MCV in conjunction with low Hb or HCT. Out of the 108 
screened children, sixty had Hb < 11 g/dl and 26 had MCV < 
70 fl. Furthermore, 48 of 108 children (44.4%) had elevated 
EP ( > 3 5  ug/dl), and 37% of the 48 children were found to
have additional haematologic evidence of iron deficiency, 
while 7.4% had evidence of lead exposure. Thus, many 
children had signs of iron deficiency without evidence of 
elevated blood lead concentrations.
Thalassaemia minor is the only haematological disorder other 
than iron deficiency that is associated with a marked 
decrease in the MCV to below 70 fl (Dallman, 1977; Cook, 
1982). Since thalassaemia is a major problem in Saudi
Arabia, an attempt was made to identify iron deficiency and 
thalassaemia minor. Several investigators have developed 
formulae to distinguish thalassaemia trait from iron
deficiency (Mentzer, 1973; England and Fraser, 1979; Shan 
and Lai, 1977; Klee et al, 1976). Mentzer’s formula (1973) 
was applied to this study. He suggested an MCV/RBC index to 
distinguish the two conditions, with values below 13 
indicative of thalassaemia trait. On the basis of Mentzer’s 
index, thalassaemia was established in ten children. All ten 
had MCV < 60 fl, Hb < 9.0 g/dl, seven had RBC < 5.0 x 1 0 ^ / 1
whereas nine had elevated EP. For those children with
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features of thalassaemia syndrome and an elevated EP, an 
examination of peripheral blood smear is necessary to rule 
out iron deficiency (Results were reported to Saudi Ministry 
of Health for further follow-up).
The best indicator to rule out whether iron deficiency was 
due to lead inhibition or dietary deficiency would be to 
measure serum iron but to take second blood samples from 
these children was unacceptable ethically. However, Fig.7.1 
shows that 60 (55.6%) of the children had low Hb. Ten (9.3%) 
had thalassaemia (of whom 6 also had elevated blood lead 
concentrations). Low Hb was found in the other 50 of whom 12 
had elevated blood lead and 38 were presumed to have iron 
deficient diets. Children with increased lead and anaemia 
may have both lead induced failure of haem synthesis and 
dietary iron deficiency. Low Hb values of the lead exposed, 
thalassaemia children may be due of an overlap between 
inhibition of haem synthesis, iron deficiency and the 
thalassaemia. On the other hand, 7 children with elevated 
blood lead concentrations had normal Hb levels, six of them 
had low RBC. This observation of normal Hb and low RBC may 
be due to recent lead exposure.
Although many subjects with non-lead associated iron 
deficiency, this high prevalence of iron deficiency due to 
reduced dietary content of iron will increase the 
susceptibility to lead absorption. Therefore, dietary 
surveys of these children with respect to iron and other 
minerals is necessary.
Fig.7.1 Prevalence of lead exposure, iron deficiency and 
thalassaemia among Arar children.
Children screened 
 -Cn = 108)
Normal Hb‘ 
(n = 48 (n = 60)
Low Hb
/ /
Normal Pb 
Cn =41)
High Pb 
Cn = 7)
Thalassaemia 
Cn = 10)
\
Iron deficiency 
Cn = 50)
/ \
Normal Pb High Pb Normal Pb High Pb 
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Serum iron concentrations were measured in the 21 follow-up 
children with elevated blood 1ead concentrations and were 
found to be very low Cl.3-7.3 umol/1).
Cb) Cultural habits
In this study, we found that the use of traditional 
cosmetics and remedies was very common among Arar 
inhabitants. Of these 21 children Khcvl had been applied, 
either on their eyes or umbilicus, and in addition teething 
powder was given to one child. When families of these 
children were screened, 73.7% were found to have more than 
one member with evidence of lead exposure. It is suggested 
that both child and family were exposed to the same source 
of lead. Traditional remedies were used by 18 families.
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Sources of lead exposure
Where children were found with increased lead exposure, it 
was necessary to identify the source and reduce its effect. 
Although, this study found that out of the 21 children, 13 
were living in very poor hygienic conditions, statistically 
no association was found between blood lead levels of those 
children and lead in soil, dust and water. However, since 
these children spend most of the time playing in the street 
the lack of statistical association does not exclude the 
possibility of some lead in dust or soil contributed to 
their blood lead levels.
Attempts were made to relate airborne lead in different 
areas of Arar with the number of children with elevated 
blood lead levels. The highest airborne lead was in Musadiah 
area, but no increase in blood lead was detected among the 
six children examined who lived there. On the other hand, 
the lowest airborne lead was in Faisaliah area where the 
majority of children with elevated blood lead levels lived 
(42.9%). This suggests that environmental factors had minor 
effects on the blood lead levels in the 21 children.
Results in Fig.5.7 (see Chapter 5, Section 5.4.2) suggest 
the following:
(1) Lead isotope ratio in petrol was higher than those in 
childrens blood and hence is unlikely to have been the 
main source of exposure.
(2) The isotope ratio of lead in one soil sample and two 
dust samples were similar to that of blood. Although 
interpretation of this result is rather difficult, since
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young children in Arar spend most of their time playing 
in the street, it is likely that soil which contaminated 
their hands, food, etc should be considered as a source 
of exposure. Furthermore, the soil and dust lead 
isotope was different from the petrol lead isotope 
ratio. This indicates that lead in these environmental 
samples was derived from non-petrol sources.
(3) The isotopic ratio of lead in blood closely matched 
that of the traditional cosmetics and remedies.
This suggests that the use of these may be considered 
as the major source of lead exposure in the Arar 
population.
Similar results were obtained from children living in other 
parts of Saudi Arabia, where their blood isotope ratios tend 
to match the lead isotope ratios for traditional remedies 
and cosmetics rather than of petrol.
The results of Arar Lead Exposure Study were reported to the 
Saudi Ministry of Health who informed the Health Authorities 
in Arar and arranged for follow-up outpatient appointments 
every 6 months until the blood lead levels returned to 
normal.
III. PRENATAL LEAD EXPOSURE
The above results encouraged us to conduct another study to 
examine the possibility of whether these children were
283
exposed to lead prenatally. The mean lead values for both 
maternal and cord blood obtained in this study (see Chapter 
6) were lower than those reported by other workers (Table 
7.2).
Table 7.2 Reported values for lead in maternal and newborn 
blood (ug/dl).
Study Maternal Mean Newborn Mean
Zetterlund et al (1977) 8.7 7.6
(n=297) (n=541)
Harris and Holley (1972) 13.2 12.3
(n=24) (n=24)
Montoya-Cabrera et al (1981) 20.3 13.57
(n=405) (n=405)
Lauwerys et al (1978) 10.2 8.4
(n=503) (n=503)
Tsuchiya et al (1984) 7.8 8.4
(n=105) (n=95)
Zarembski et al (1983) 6.4 4.4
(n=1665) (n=1665)
Troster and Schvartsman (1988) 9.7 8.0
(n=43) (n=43)
This study (1990) 5.96 4.14
(n=124) (n=126)
The cord blood lead concentrations varied from 1.59 to 9.94 
ug/dl and it is important to note that 58% of the newborns 
had blood lead concentrations less than 4 ug/dl, 35% with 
blood lead concentrations between 4 and 7 ug/dl, whereas 7% 
had blood lead concentrations between 7 to 10 ug/dl. These 
values are below 25 ug/dl, the highest acceptable lead limit 
for children defined by the CDC (1985). However as discussed
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in Chapter 2, current research studies provide evidence that 
an effect on development can occur when lead levels are 
below this "acceptable” limit. Many studies have shown that 
immature organisms are more susceptible to the adverse 
neurological effects of chronic lead exposure. A recent 
study by Bellinger et al (1987b) showed that prenatal low 
lead exposure (cord blood lead levels 10-25 ug/dl) can 
produce detrimental effects on the developing nervous 
system. It is also important to note that although our 
results are lower than those obtained by Bellinger et al 
(1987b), no follow-up study on these newborns has been 
possible.
Lead levels were higher in maternal than in the umbilical 
cord blood. The results are in agreement with other studies 
(Montoya-Cabrera et al, 1981; Bogden et al, 1984). This is 
due the different distribution of lead in the tissues of the 
mother and of the foetus. Alexander and Delves (1981) 
suggest that the inequality of lead concentrations in 
maternal and foetal blood may occur because the rate of 
deposition of lead in foetal tissues is greater than the 
rate of placental transfer or that placental tissue binds 
lead more strongly than does foetal blood. Mobilisation of 
bone calcium during physiological conditions such as the 
postmenopausal period and osteoporosis will also cause of 
mobilisation of bone lead (Pounds, 1984; Rosen and Wexler, 
1977; Pounds and Rosen, 1986) and a recent study by 
Silbergeld et al (1988) showed that lead in the bone is also 
mobilised into the blood during other conditions of bone 
demineralisation such as pregnancy and lactation. A similar 
observation was noted in animals (Buchet et al, 1977). These
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results suggest that even low maternal lead exposure over a 
long period of time may result in increased body burden of 
lead which would be released in toxicologically significant 
amounts during pregnancy, lactation and osteoporosis.
In this study, the highly significant correlation 
coefficient between maternal and cord lead levels is similar 
to that obtained by Zarembski et al, 1983 (r = 0.811);
Lauwerys, 1977 (r = 0.808); Clark, 1977 (r = 0.77); Ernhart 
et al, 1985a (r = 0.8). Also it is higher than that reported 
by Gershanik et al, 1974 (r = 0.638); Zetterlund et a l , 1977 
(r = 0.6); Bogden et al, 1978 (r = 0.55); Tsuchiy et al,
1984 (r = 0.402); Troster and Schvartsman, 1988 (r = 0.68).
Cavalleri et al (1978b) suggested that the diffusible form 
of maternal lead in plasma influences the fraction of lead 
transferred to the foetus and the two plasma compartments 
are in dynam i c equ i1i br i um. The excellent corre1at i on 
between the maternal and cord blood Pb levels confirms the
transfer of lead from the mother to the foetus.
Although 45 out of the 49 mothers who answered the 
questionnaire were using Khol, there was no significant 
relationship between the use of Khol and blood lead
concentrations. There is no reliable evidence to suggest
that lead can be absorbed via skin in the cornea (Healy et 
al, 1982) and it would not be expected to find a correlation 
unless it was known that Khol has been ingested. This is in 
contrast to studies with children which show significant 
correlations between blood lead levels and the use of Khol.
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The differences are due to the fact that children wipe their 
eyes and suck their fingers which thereby introduces Khol 
into their digestion system (Fernando et al, 1981; Aslam et 
al , 1980).
Although, there has been some speculation and there is a 
little information available on the possible role of lead 
and low birth weight, other factors such as socio-economic 
group can not be excluded. The data of this study show 
evidence of a significant relationship between maternal 
blood lead levels and low birth weight which suggests that 
lead exposure as low as that observed for these newborns may 
also present a higher risk for developmental deficits than 
might have been expected.
Results of this survey clearly show that Saudi newborn 
babies were exposed prenatally to lead. The birth weight 
finding warrants further research to determine the magnitude 
of the effects of early lead exposure (i.e. prenatal) and 
the significance of other factors such as iron deficiency, 
postnatal growth and neurodevelopment. Although the levels 
of lead reported here for Riyadh are lower than those 
reported from several other countries, there is still reason 
for concern about exposure to lead, especially for the 
developing foetus since the effects on the nervous and 
haematopoietic system are much more critical for the foetus 
and young child compared with the adult (Moore, 1980b).
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IV. EFFECT OF LEAD ON HAEMATOPOIESIS SYSTEM
Usefulness of EP as primary screening test for lead exposure
In this study (see Chapter 4, Section 4.4), another 
observation of clinical relevance was the correlation 
between blood lead and EP concentrations. As discussed 
earlier (Chapter 2, Section 2.7.5) elevation of EP levels in 
red blood cells is an indication of impairment of haem 
synthesis. This commonly occurs in association with iron 
deficiency and lead poisoning. There are many reports 
recommending the use of the EP test as a primary screening 
test for lead exposure because of its low cost, technical 
simplicity and acceptability to the population to be 
screened. However, the results in this study showed good 
correlation was found only with blood lead concentrations 
above 25 ug/dl. Looking at the entire population using 25
and 35 ug/dl as acceptable limits for lead and EP
respectively, it appears that only 4.1% had both elevated 
lead and EP while 32.2% of the 583 children had increased 
elevated EP. This confirms the results from the Arar study 
where we found large number of children with iron 
deficiency. Also, of the 37 children with elevated blood 
lead concentrations only 24 had increased EP. This can be 
explained by the lag period between lead exposure and
elevation of EP (Lerner et al, 1982). Therefore, if EP
j measurements are performed shortly after lead exposure, then 
no abnormal measurements would be detected.
288
On the basis of this finding the EP test is poor indicator 
of lead exposure in screening the general population. 
However, it might be acceptable if a survey is conducted 
within a certain population where chronic lead exposure is 
suspected. But in the light of increased awareness of the 
effects of exposure to low lead levels on neurobehavioural 
development, in which effects may occur at levels of blood 
lead lower than can reliably be identified using EP as a 
screening test, the EP test is not useful. However, a 
combination of blood lead and EP will accurately predict a 
degree of risk for children screened for lead poisoning. In 
addition, EP test is absolutely unacceptable as a screening 
test for cord blood, since results of this study revealed 
that the elevated cord EP levels did not reflect lead 
poisoning and were consistent with results from other 
studies (Chong et al, 1984; Gottuso et al, 1978). Hisa and
Page (1954) suggested that the increase in EP in normal 
newborn infants reflect increased erythropoiesis in utero 
which rapidly decreases by the fourth or fifth day of life. 
Wranne (1960) attributed the high cord EP in the newborn in 
part to hypoxia of the foetus, haemoglobin F formation, and 
accelerated erythropoiesis. Kaul et al (1983) suggested that 
higher EP values may indicate relatively immature cells for 
haem synthesis or a relative state of iron deficiency.
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Lead effect on haematological parameters
Attempts were made to study the adverse effect of lead 
exposure on the haematopoietic system. Unlike results from 
other studies (Clark et al, 1988; Watson et al, 1958;
Kaplan, 1954; Fullerton, 1952; Cohen and Ahrens, 1959; 
Carraccio et al, 1987; Griggs, 1964; Yip and Dallman, 1984b; 
Yip et al, 1981; Albahary, 1972; Cohen et al, 1981), there 
was a positive relationship between lead and Hb, HCT and RBC 
(Table 4.14). This observation persisted even when we 
excluded children with blood lead concentrations less than 
25 ug/dl and suggests that only very high lead 
concentrations have an effect on haem synthesis. On the 
other hand, negative relationships were noted between blood 
lead concentrations and MCV, MCH and MCHC. This may be due 
to either a coincidental finding with these parameters 
influenced by the widespread deficiency of iron or 
thalassaemia minor (Reeves et al, 1983; Dallman and Siimes, 
1979; Koerper et al, 1976; Cook, 1982; Dallman et al, 1980; 
Knight et al, 1982), or they are more sensitive to the 
presence of lead than Hb, HCT and RBC.
Due to the lack of relationship between blood lead 
concentrations and haematological parameters, it was decided 
to use these haematological parameters to find the normal 
reference range for the Saudi children, since the normal 
reference ranges for the various haematological parameters 
in healthy individuals vary considerably in different 
populations. The variations are due to age, sex and the 
nature of population. Therefore age-specific reference 
standards must be taken into consideration as there are
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marked developmental changes (Dallman, 1984; 1987; Yip and 
Dallman, 1984a). It seems similar adjustments may in some 
cases have to be made for adults (Kelly and Munan, 1977). 
Environmental factors and blood sampling techniques may also 
contribute to the deviation of normal ranges in healthy 
individuals (Koerper et al, 1976; Chalmers et al, 1979).
In Saudi Arabia, as in many other countries of the world, it 
is common practice to use normal ranges that were 
established for Western populations in order to interpret 
laboratory results. The climate and dietary habits in Saudi 
Arabia however, are very different from those in the West. 
Since such factors are known to influence the normal range, 
differences in normal values for the Saudi population can be 
expected. Therefore, it was important to establish normal 
reference ranges for all the haematological parameters for 
healthy Saudi Arabs and to compare these values with those, 
reported for Western populations.
A recent study of the basic haematological parameters by 
Ghafouri et al (1986) was undertaken in the Jeddah region in 
a healthy Saudi population from birth to adolescence. 
Significant sex differences in some parameters were found 
between males and females at different periods of 
physiological development. The study also revealed some 
differences, especially in the higher RBC counts and lower 
MCV and MCH values, compared with other populations. This 
was attributed to the high incidence of alpha-thalassaemia 
among Saudis. Other studies were also carried out to 
establish the normal reference ranges of various 
haematological parameters from 804 healthy Saudi students
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aged between 20 and 29 years (El-Hazmi et al, 1982). In 
1984, Bacchus et al established different reference values 
for haematological parameters from representative samples of 
the Saudi Arabian population consisting of 1376 individuals 
whose ages ranged between 18 and 60 years old (Bacchus et 
al, 1986). These reference values were comparable to those 
reported from the West but did not agree with the results 
reported by El-Hazmi et al (1982), except for the WBC values 
in the female population. Scott (1983) conducted a similar 
study and showed lower values for the haematological 
parameters than in the West. Both the Scott and El-Hazmi 
studies made no attempt to standardize the methods used.
Our study of the values of Hb, HCT, MCV, MCH, MCHC, RBC, and 
WBC was undertaken in the same Saudi children who were 
screened for lead exposure (n = 1047) and whose ages varied 
between two months and 16 years old (Table 4.15). The 
findings of lower haematological values for girls aged 10-16 
years (as compared with boys) was investigated. No 
difference could be demonstrated in the mean values of all 
the parameters among the other age groups.
Iron deficiency anaemia in children is widespread throughout 
the world. The highest prevalence of iron deficiency is 
likely to occur between about 6 months and 2 to 3 years of 
age when iron stores are likely to become depleted (Rios et 
al, 1975). Subsequently, the demand for iron decreases as 
the rate of growth slows down. Iron deficiency anaemia is 
influenced by age, sex, economic, cultural, dietary and 
climatic factors (Dallman et al, 1980). There is notable 
increase in Hb, HCT, MCV, MCH, and MCHC from birth until 6- 
10 years of age (Table 4.15). No trend was seen for RBC. The
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WBC counts are the highest at birth, dropping gradually 
during the first years of life and levelling out after the 
age of 10. This is attributed to the reduction in 
neutrophils (Rougemont and Boisson, 1981; Brain et al, 
1979). There is no significant sex difference in this 
respect.
A comparison with data published in the West by Dallman 
(1977) indicates that the mean values for Hb, HCT, MCV, and 
MCH in the different age groups are considerable lower than 
corresponding mean values in Westerners. This could be 
explained by genetic, cultural and environmental factors. 
Thus, the incidence of alpha-thalassaemia and sickle cell 
anaemia are very high in Saudi Arabia (Pembrey et al, 1975; 
Al-Awamy et al, 1983; Dover et al, 1981; Al-Dossary et al, 
1983; Abu Osba et al, 1983; Salamah et al, 1983; Babiker et 
al, 1982; Perrine et al, 1979, 1981; Mallouh et al, 1982;
El-Mouzan et al, 1989). Also chronic mild and moderate 
nutritional deficiency has been noted among Saudi children 
(Abahaeseen et al, 1981; Swailem and Taha, 1982). On the 
other hand, RBC and MCHC levels were not significantly 
different from Western values.
The present study showed that the newborn has a higher mean 
value of Hb, HCT, MCV, and MCH than maternal blood. This is
primarily due to high foetal iron stores (Siimes et al,
1974). Also, the accumulation of Hb and storage of iron is 
rapid in the foetus (Dallman, 1983). In addition, EP, HCT,
MCV, MCH, MCHC, and RBC in both cord and maternal blood were
significantly correlated. This may be explained by the fact
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that foetal iron stores are derived from the mother 
predominantly during the third trimester. In this study, our 
mean cord blood Hb, HCT, MCV, and RBC values are lower than 
corresponding values in Western populations (Table 7.3) as 
reported by Matoth et al (1971).
Tables 7.3 Comparison between the Mean + SD of
haematological parameters in Saudi and 
Western cord blood.
Mean ± SD
Parameter Saudi values Western values
Hb (g/dl) 15.22 + 1.71 1 9 . 3 + 2 . 2
HCT (ratio) 47.98 + 5.74 61.0 + 7 . 4
MCV (fl) 109.16 +7.88 119.0 +9.4
MCH (pg) 34.70 + 2.61
MCHC (g/dl)0 
RBC (X 10P/1) 
WBC (X 109/1)
31.79 + 1.81 
4.40 + 0.485 
12.11 + 4.94
3 1 . 6 + 1 . 9  
5.14 + 0.7
Additionally another haematological survey was conducted in 
normal Saudi male student volunteers (18 years old). There 
were difficulties in getting access to the female population 
because of the socio-cultural traditions. Comparison with 
other published data suggests that our values for Hb, HCT,
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and RBC (Table 4.17) are near to those of a normal 
population of the same age group in the Jeddah area (Gafouri 
et al, 1986). On the other hand, our mean MCV and MCH values 
appear to be higher than those found in Jeddah. However, 
Gafouri et al (1986) argued that their low results were due 
to the high incidence of alpha-thalassaemia (43.2%) in the 
Saudi population of the Western region, as had been reported 
by Acquaye et al (1985). Our study also revealed lower WBC 
counts than those from the Jeddah area. Comparison with the 
data from Western males aged 18-49 years old (Dallman, 1977) 
showed that the results for all the parameters except WBC 
were lower in Saudi adult males. Diurnal and other 
variations due to the effect of environmental factors might 
contribute to the difference in the data from the different 
populations (El-Hazmi et al, 1982; Sharper and Lewis 1971;
Woodliff et al, 1972). It is relevant to note that climate 
and dietary habits in Saudi Arabia are very different from 
those in Western countries.
V. RECOMMENDATION
From the results of this study, the following 
recommendations should be considered:
(1) A plan to initiate a screening programme for children 
under the age of five years should be adopted to 
identify those at risk. Because of the associated iron 
deficiency, the screening should involve the 
determination of lead levels, EP, and a haematological 
screen.
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(2) Children with elevated blood lead levels should be 
followed up until their blood lead levels return to 
normal.
(3) Environmental, cultural and dietary investigation should 
begin as soon as lead exposure is confirmed, to identify 
the sources of lead hazards.
(4) Children with abnormal haemoglobin should be referred to 
a paediatrician for further investigations and treatment.
(5) Due to the fact that low lead exposure in the prenatal 
or early postnatal periods affects neurological 
development, it is necessary to identify the adverse 
effects of lead in these children.
(6) Health educational programmes are needed to increase 
public awareness of lead hazards, especially the use of 
traditional remedies.
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APPENDIX B 
STATISTICAL ANALYSES
4 5 4
This appendix gives a detailed description of only the most 
important statistical methods that were used during this 
study. BMDP statistical software package (1988) and 
Statgraphics (STATGRAPHICS, 1987) programmes were used in
analysing the data.
(1) Analysis of variance (ANOVA)
The ANOVA analysis is a straightforward extension of the 
two-sample and paired difference t-tests. This analysis was 
used to test the equality of several means simultaneously. 
Hence the same assumption will apply to the ANOVA: (i) the 
dependent variable has a normal distribution and (ii) the 
groups should have equal variances (homogeneity of 
variances). In this study, all the data of the dependent 
variable (lead) were subjected to log transformation in 
order to meet ANOVA first assumption.
The assumption was made according to the null hypothesis 
(Hq ). In case of equality among different means, the 
hypothesis was true and stated as:
H0: uj = u2 ...... uk
u = mean
In case of inequality among the means; the hypothesis was 
false:
: not all the means were equal
The rejection and acceptance of this hypothesis was based on 
the calculated variance ratio according to the following 
formulae:
4 5 5
Source of Sum of squares df Mean square V.R.
variance
SSb = nj ( Xj - x )2 k-1 MSb = SSb/(k-l)
k
2 r[2= _ .it.
L .  nj N
SS„
j=l
k n . MSb
= /  {  ( Xij - xj)2 N-k MS„ = SSw/CN-k) V . R . = ---
j=l i=l MS„
k n . k
111 - -1
j =1 i =1 i = 1
k n .
S^tot = 1 1 1  (xi r  x)2 N-l 
j=l i=l
k n ,
T29X f  -------------------------=£1
j=l i=l
1J N
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Where
Sum of squares between groups = SSb
Sum of squares within groups = SSW
Total sum of squares = SS^ot
Degree of freedom ■ = df
Mean squares between groups = MSb
Mean squares within groups = MSW
Variance ratio = V.R.
The symbols used in the equations are defined as follows
Xjj = the j.th observation resulting from the jth group
i — 1,2,--- nj , j— 1) 2 ..., k
nj = the sample size of each group (j)
nj
Tj = total of each group (j) =
i =1
T i
Xj = the mean of each group (j) = - - -
nJ
k k nj
T = total of all observations =
j=l j=l 1=1
k
N = total of all nj =
j=l
T
x = mean of all observations = ---
N
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After choosing the significance level, the computed value 
was evaluated using standardised tables (Geigy Scientific 
Tables, 1982) from which the critical F value was obtained 
at (k-1) numerator and (N-k) denominator degrees of freedom. 
The null hypothesis was rejected when the computed (V.R.) 
value was equal or greater than the tabulated value for the 
chosen significance level, concluding that sample means were 
significantly different.
In this study, ANOVA analysis was used with one independent 
variable (such as diagnosis or geographical distribution or 
age or sex) and one dependent variable (lead) using the 
statistical programme of BMDP (BMDP1V) (see Chapter 4). This 
is called one way ANOVA analysis.
Also, a more powerful ANOVA analysis was used when more than 
one independent variables were all tested simultaneously 
using one dependent variable. This analysis is an extension 
of one way ANOVA analysis and has the ability to test for 
interactions between the independent variables by taking 
into account the correlations between these variables. The 
BMDP2V programme was used in this study for this analysis. A 
more detailed computational procedure is given in BMDP 
(1988).
4 5 8
(2) Bartlett Test
The assumption of equal variances (as mentioned earlier) was 
tested using the Bartlett test, and the hypothesis to test 
would be:
H 0 • tf2 l = 6'22 = 6 2 3 = c 2 k 
o = var i ance
: not all variances are equal.
The following equations were used for this test:
jr ( n j - l )  s 2 j
S2p =  ----------------
p N-k
nl-1 n2-l nk-1 l/(N-k)
[(S2!> CS22 )..........(S2k ) ]
b „     ---------------
a P
= sample variance 
S^p = pooled estimate of sample variances 
b = Bartlett value
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The null hypothesis is rejected if b < b^C o( ; ni> 112,— »nk^- 
Where
CnibkC :ni) + J>2bk< ;n2> + —  + nkbk< :nk>3 
bkCeC;ni,n2 , . . n k ) = ------------------------------------------------
N
oC = level of significance
All b(^<;nj[) for sample sizes n^ , 112   * , are obtained
from standardised tables (Dyer and Keating, 1980).
In this study, some of the data did not meet the assumptions 
of one way analysis of variance as discussed above, a non- 
parametric alternative to ANOVA analysis was used as 
described in the following section.
(3) Kruskal-Wallis one way analysis of variance by ranks
The application of this test involved the following steps:
(1) The n^, n2>...,n^ observations from the k groups are
combined into single series of size n and arranged from 
the smallest to largest and are replaced by ranks from 1 
which is assigned to the smallest observation to n which 
assigned to the largest observation. When two or more 
observations have the same value, each observation is 
given the mean of the ranks for which it is tied.
(2) The ranks assigned to observations in each of the k 
groups are added separately to give k rank sums.
4 6 0
(3) The test statistic is calculated according to the 
following formula:
12 K R2i
H = ------- ^  —  J- _ 3(n + l)
n (n+1) j=1 nj
Where
k = number of groups
nj = number of observations in the jth group 
n = the number of observations in all groups 
combined.
Rj = the sum of the ranks in the jth group
(4) The hypothesis is rejected at oClevel of significance, 
if H exceeds the 1- ©<quantile given in the table by Iman
et al (1975).
(4) Least Significant Differences (LSD)
Whenever the ANOVA analysing rejected the null hypothesis of 
no differences among different groups, the question arises 
regarding where the difference lies? There are different 
methods to test this, however, in this study the LSD method 
was chosen. It is a Student’s t test using a pooled error 
variance. A difference between any two means that exceeds a 
least significant difference is considered significant at 
the level of significance used in computing the LSD. 
Statgraph programme was used to examine the differences at 
the 0.01 level of significance.
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However, in cases where the assumptions of ANOVA analysis 
did not meet the criteria for the use of a parametric 
technique then a non-parametric test was considered. 
However, in a situation where non-parametric test does not 
exist, the recommended procedure to be used is to proceed 
with the usual ANOVA analysis on the data and also to use 
the same procedure on the ranked transformed data. If the 
two procedures give nearly identical results the assumptions 
underlying the usual analysis of variance are likely to be 
reasonable and the regular parametric analysis valid. But 
when the two procedures give substantially different 
results, the analysis on the ranks is probably more accurate 
than the analysis on the data and should be preferred. In 
this study, LSD test was applied on rank transformed data. 
This was achieved by ranking all the observations together 
from smallest to largest and then applying the usual ANOVA 
analysis to the ranks (Iman, 1974; Conover and Iman, 1976; 
Conover, 1980).
(5) Correlation coefficient (r)
The value of r allows us to state mathematically what 
relationship exists between two variables (x and y). It also 
identifies whether the relationship exists is positive or 
negative. The r value ranges from +1 through 0 to -1. A +1 
indicates a perfect positive relationship, 0 indicates no 
relationship, and -1 indicates a perfect negative 
relationship. The following formula was used to calculate r 
value:
n £xjyi - (£xi) ( £yj) 
r  =  — ------------- — ---------------------------------------
J n £ Xi2 - ( £ x t)2 J  n £ yi2 - ( £ yi)2
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To test for the significance of the correlation the *t* 
statistic was calculated according to the following formula:
There is significant correlation if the calculated t value 
with n-2 degrees of freedom exceeds the tabulated value of t 
at 0.05 level of significance.
(6) Spearman rank correlation coefficient (rs)
A non-parametric measure of correlation between two 
variables (x and y) given in ranks according to the 
following formula:
! _  _______
S n (n2-l)
Where d is the difference between the ranks assigned to xj
and yi and n is the number of pairs of data.
To test for the significance of rs :
z rs J n  - 1
and comparing with the critical values obtained from Geigy 
Tables (1982).
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(7) Regression analysis
Least squares line method was used in this study to obtain 
the desired line. The general equation of a straight line is 
written as follows:
y = a + bx
where y is a value on the vertical axis, x is a value on the 
horizental axis, a (intercept) is the point where the line 
crosses the vertical axis, and b (slope) shows the amount by 
which y changes for each unit change in x.
n ^ x y  - ( £x)(^y) 
n x2 - (^ x ) 2
a- bij
a =
n
The BMDPP1R programme (BMDP, 1988) was used to calculate the 
regression equations.
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(8) Outlier detection
The detection of outliers is based on the examination of 
either residuals (difference between the observed value and 
the fitted value on the regression line) or standardised 
residuals (residual divided by residual mean square) using 
BMDP9R programme (BMDP, 1988). In this study any 
standardised residual greater or less than 2.5 (Chatterjee 
and Price, 1977; Neter et al, 1983) was considered as an
outlier. The large positive standardised residual was due to 
a few particularly high values of. the examined variable, 
whereas the large negative standardised residual were due to 
very low values of the examined variable.
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APPENDIX C
HAEMATOLOGICAL PARAEMETERS IN SAUDI 
CHILDREN CLASSIFIED BY 
DIAGNOSIS GROUPS
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Haematological parameters as mean + 2SD and 2.5th, 50th,
97.5th percentiles classified by diagnosis groups, age and 
sex.
(1) Cardiac group
Hb (g/dl)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2..5 50 97.,5
All ages (n=286) 12.,8 9.,4 16..3 9.,5 12. 6 17. 1
M (n=152) 13 .0 9,.5 16,.6 10 .5 12,.7 17..4
F (n=134) 12.,7 9.,4 15.,9 9.,0 12. 5 16.,3
0-2 (n=82 ) 12,.4 8,.9 16 .0 9 .4 12,.3 16,.7
2-6 Cn=75 ) 12.,9 8..9 16,,9 9..0 12.,5 18.,4
6-10 (n=58 ) 12 .8 10 .0 15 .7 10 .0 12 .6 16 .0
10-16 Cn=71 ) 13..2 10.,3 16..1 10..5 13..1 15.,8
M (n=35 ) 13,.5 10 .2 16 .8 8 .9 13 .7 15 .8
F (n=36 ) 13.,0 10.,6 15.,4 10.,5 12.,9 17..0
HCT (ratio)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=286) 38.,3 28.,1 48.,4 29..2 37.,4 50.,0
M (n=152) 38 .7 28,.3 49 .2 30,.8 37 .8 51,.4
F Cn=134) 37.,8 28.,1 47.,4 28..1 37.,2 49.,8
0-2 (n=82 ) 37 .4 26,.2 48,.6 28,.5 37 .8 50,.5
2-6 Cn=75 ) 38.,4 26.,7 50.,0 28..0 36.,7 56.,3
6-10 (n=58 ) 38 .3 30 .1 46 .5 31 .3 37 .7 47 .9
10-16 Cn=71 ) 39.,2 31.,0 47..4 31..2 38..4 47..9
M (n=35 ) 40 .0 31,.1 48 .8 27 .2 40 .7 47 .0
F (n=36 38.,4 31.,4 45.,7 31.,2 37..7 50..4
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Continued- Cardiac group.
MCV (fl)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=286) 79.5 64.3 94.7 60.8 80.6 91.5
M (n=152) 79.7 65.7 93.7 64.1 80.5 91.5
F Cn=134) 79.4 62.9 95.9 58.8 80.6 93.9
0-2 Cn=82 ) 76.4 58.4 94.4 58.2 76.0 91.3
2-6 (n=75 ) 80.0 66 . 8 93.3 65.6 81.0 94.4
6-10 (n=58 ) 80.9 68.8 93.0 59.7 81.9 89.9
10-16 (n=71 ) 81.5 62.7 95.4 64.1 82.6 93.9
M (n=35 ) 81.2 67.2 95.2 64.1 82.7 93.9
F Cn=36 81.9 67.9 95.8 59.0 82.3 96.4
MCH (pg)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=286) 26.7 20.8 32.6 19.8 27.1 31.1
M (n=152) 26.8 21.2 32.4 20.7 27.1 31.0
F (n=134) 26.7 20.4 32.9 18.6 27.0 31.3
0-2 (n=82 ) 25.4 18.7 32.2 18.4 25.5 30.5
2-6 (n=75 ) 27.0 21.8 32.3 21.2 27.1 32.0
6-10 (n=58 ) 27.2 22.5 32.0 19.4 27.6 30.7
10-16 (n=71 ) 27.5 22.2 32.9 20.7 28.0 33.0
M (n=35 ) 27.5 21.7 33.3 20.7 28.1 33.0
F (n=36 27.6 22.6 32.7 19.8 27.9 33.0
MCHC (g/dl)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=286) 33.5 31.6 35.5 31.5 33.5 35.2
M (n=152) 33.6 31.6 35.5 31.7 33.5 35.2
F (n=134) 33.5 31.6 35.4 31.0 33.5 35.0
0-2 (n=82 ) 33.2 31.0 35.4 30.9 33.3 35.0
2-6 (n=75 ) 33.7 31.8 35.5 31.7 33.8 35.7
6-10 (n=58 ) 33.6 32.0 35.2 32.2 33.5 34.9
10-16 (n=71 ) 33.7 32.0 35.4 31.9 33.7 35.7
M (n=35 ) 33.8 31.9 35.7 31.7 33.8 35.7
F (n=36 ) 33.7 32.2 35.2 32.4 33.5 35.7
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Continued- Cardiac group.
RBC CX 1012/1)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=286) 4.84 3.36 6.32 3.64 4.73 6.48
M (n=152) 4.89 3.30 5.49 3.58 4.84 6.94
F Cn=134) 4.79 3.45 6.13 3.78 4.66 6.35
0-2 (n=82 ) 4.96 3.12 6.80 3.59 4.82 7.23
2-6 (n=75 ) 4.82 3.11 6.54 3.51 4.55 7.82
6-10 Cn=58 ) 4.73 3.79 5.68 3.98 4.67 5.89
10-16 (n=71 ) 4.82 3.78 5.86 3.58 4.80 5.78
M Cn=35 ) 4.94 3.75 5.68 3.55 5.08 5.82
F (n=36 ) 4.71 3.89 5.53 4.07 4.62 4.75
WBC CX 109/1)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=286) 9.1 2.1 16.0 4.0 8.4 17.6
M (n=152) 9.1 2.2 15.9 3.7 8.6 17.3
F (n=134) 9.1 2.1 16.1 4.1 8.2 17.7
0-2 (n=82 ) 11.3 4.4 18.1 5.9 10.9 18.5
2-6 Cn=75 ) 9.1 3.2 15.1 5.0 8.8 17.3
6-10 (n=58 ) 7.4 2.8 12.0 3.8 7.1 14.6
10-16 (n=71 ) 7.8 0.9 14.6 3.4 7.1 17.7
M (n=35 ) 8.2 0.0 16.7 3.3 7.4 18.9
F (n=36 ) 7.3 2.5 12.2 3.4 7.1 15.4
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Continued.
(2) Neurological group
Hb Cg/dl)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=152) 12. 0 9. 1 15.,0 8.,8 12.,1 15.,1
M (n=85 ) 12,.1 9,,2 15,.0 8,.8 12,.2 15,.1
F (n=67 ) 11.,9 8. 9 14.,8 8.,8 11.,8 14. 8
0-2 (n=41 ) 11,.4 8,.5 14,.3 8,.8 11,.2 14,.8
2-6 (n=50 ) 11.,6 9.,3 14.,0 8.,7 12.,0 13. 3
6-10 (n=33 ) 12 .6 10 .3 15 .0 9 .2 12 .8 14,.2
10-16 (n=28 ) 12.,8 9., 4 16,,2 9,,2 12,.9 16.,8
M (n=17 ) 13 .4 10 .3 16 .5 10 .6 13 .1 16 .8
F (n=ll ) 12,,0 8.,8 15,.3 9,.2 12,.0 14..7
HCT (ratio)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=152) 36.2 28.2 44.1 28.2 36.3 43.9
M (n=85 ) 36.7 28.9 44.4 28.2 36.4 43.9
F (n=67 ) 35.6 27 . 5 43.7 28.4 35.6 43.9
0-2 (n=41 ) 34.8 26.6 43.0 28.6 34.0 43.9
2-6 (n=50 ) 35.1 28.6 41.7 27.2 35.8 40.1
6-10 (n=33 ) 37.7 31.8 43.6 28.7 38.5 42.2
10-16 (n=28 ) 38.3 29.2 47.4 28.5 38.6 49.4
M (n=17 ) 39.6 31.2 48.0 31.6 39.1 49.4
F (n=ll ) 36.3 27 .3 45.2 28.5 37.4 43.3
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Continued- Neurological group.
MCV (fl)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=152) 79. 6 64. 8 94.4 59,.9 80 .4 91.,5
M (n=85 ) 79..8 64.,7 94.8 60 .4 80 .3 92,,2
F Cn=67 ) 79.,4 64. 8 94.1 59.,7 80 .5 90.,3
0-2 (n=41 ) 77,.1 63.,1 91.0 62 .0 77 .3 89,,1
2-6 (n=50 ) 78. 2 63. 9 92.6 59.,7 79 .6 90. 1
6-10 (n=33 ) 81,,4 68. 6 94.3 56,.5 82 .4 90.,9
10-16 Cn=28 ) 83. 7 68. 6 98.8 63.,8 84 .4 93. 2
M (n=17 ) 85,.2 71.,0 99.4 63 .8 85 .2 93,.2
F Cn=ll ) 81. 3 65. 4 97.3 65.,6 82 .7 91. 2
MCH (pg)
Mean + 2SD Percenti!le
Age group Mean -2SD +2SD 2 .5 50 97..5
All ages (n=152) 26.,5 20. 6 32.3 18,.9 26 .8 31..7
M Cn=85 ) 26 .5 20..3 32.6 19 .2 27 .0 31 .3
F Cn=67 ) 26,,5 20. 9 32.0 18 .9 26 .6 30,.7
0-2 (n=41 ) 25 .3 19,.9 30.7 18 .9 25 .7 30 .0
2-6 (n=50 ) 26 ,0 20..5 31.4 19 .2 26 .6 29,.2
6-10 (n=33 ) 27 .3 21,.8 32.9 18 .2 28 .2 31 .3
10-16 (n=28 ) 28,.0 22.,1 34.0 20 .0 28 .3 31,.8
M Cn=17 ) 28 .8 23,.2 34.4 20 .0 28 .9 31 .8
F Cn=ll ) 26.,8 21. 0 32.7 21 .3 27 .1 31,.3
MCHC Cg/dl)
Mean + 2SD Percent ile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=152) 33.2 30.7 35.6 30.0 33.4 34.9
M (n=85 ) 33.1 30.4 35.8 29.8 33.4 34.9
F (n=67 ) 33.3 31.2 35.4 30.4 33.3 34.9
0-2 (n=41 ) 32.8 30.1 35.4 30.0 32.9 35.0
2-6 (n=50 ) 33.1 30.8 35.5 30.4 33.3 34.9
6-10 (n=33 ) 33.5 31.0 36.0 29.4 33.9 34.9
10-16 (n=28 ) 34.5 31.5 35.4 31.0 33.8 34.9
M (n=17 ) 33.8 32.0 35.5 31.4 33.9 34.9
F (n=ll ) 33.0 31.0 34.9 31.0 33.1 34.3
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Cont i nued- Neuro1og i ca1 group.
RBC (X 1012/1)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages Cn=152) 4.56 3.60 5.52 3.42 4.57 5.54
M (n=85 ) 4.61 3.64 5.59 3.42 4.61 5.49
F (n=67 ) 4.49 3.55 5.44 3.46 4.51 5.55
0-2 Cn=41 ) 4.54 3.39 5.68 3.66 4.50 5.55
2-6 Cn=50 ) 4.51 3.59 5.43 3.37 4.52 5.50
6-10 (n=33 ) 4.65 3.79 5.50 3.46 4.67 5.84
10-16 Cn=28 ) 4.59 3.68 5.49 3.39 4.63 5.46
M Cn=17 ) 4.67 3.77 5.56 3.39 4.68 5.06
F Cn=ll ) 4.46 3.56 5.36 3.42 4.53 5.46
WBC CX 109/1)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages Cn=152) 9.3 2.3 16.3 4.4 8.9 17.8
M (n=85 ) 9.1 1.9 16.4 4.4 8.8 17.8
F (n=67 ) 9.5 2.8 16.1 4.4 9.0 15.9
0-2 Cn=41 ) 10.7 4.3 17.1 4.7 11.0 16.3
2-6 (n=50 ) 9.8 2.4 17.2 4.8 8.8 18.2
6-10 Cn=33 ) 8.1 2.0 14.3 4.7 7.5 17.3
10-16 Cn=28 ) 7.6 1.6 13.5 2.1 6.9 14.0
M Cn=17 ) 7.2 1.7 12.7 2.1 6.7 12.9
F Cn=ll ) 8.1 1.5 14.7 4.0 7.2 14.0
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Continued.
(3) Cancer group
Hb Cg/dl)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=118) 11.5 8.6 14.3 8.6 11.6 13.7
M (n=84 ) 11.6 8.8 14.4 8.6 11.8 13.5
F (n=34 ) 11.2 8.3 14.1 7.0 11.4 13.7
0-2 (n=13 ) 10.7 7.7 13.7 7.0 11.0 12.6
2-6 (n=57 ) 11.4 8.7 14.1 8.6 11.4 13.4
6-10 (n=29 ) 11.6 8.5 14.8 6.7 12.1 13.7
10-16 (n=19 ) 12.0 9.6 14.5 10.6 11.8 15.2
M (n=13 ) 12.2 9.7 14.8 10.6 12.3 15.2
F (n=6 ) 11.7 9.5 13.8 10.7 11.5 13.7
HCT (ratio)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
A11 ages (n=118) 34.3 26.1 42.4 24.7 34.4 39.3
M (n=84 ) 34.6 26.5 42.8 26.6 35.1 39.9
F (n=34 ) 33.4 25.2 41.5 22.6 33.8 40.1
0-2 (n=13 ) 32.3 24.2 40.5 22.6 33.3 38.1
2-6 (n=57 ) 34.0 26.6 41.5 26.3 34 .2 39.7
6-10 (n=29 ) 34.4 24.8 44.0 18.7 35.7 39.7
10-16 (n=19 ) 36.0 29.0 43.0 31.3 36.0 45.4
M (n=13 ) 36.6 29.1 44.1 31.3 36.6 45.4
F (n=6 ) 34.7 29.2 40.3 32.6 33.9 40.1
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Continued- Cancer group.
MCV (fl)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=118) 81,.8 67..1 96,,5 67,.4 82,.1 99.,2
M (n=84 ) 82 .3 67 .2 97,.4 68 .2 82 .3 99 .2
F (n=34 ) 80..6 66..8 94.,4 66.,8 81..5 96.,5
0-2 (n=13 ) 77,.3 62,.3 92,.3 66 .8 76 .9 88,.7
2-6 (n=57 ) 81.,6 67.,4 95.,8 68..2 81.,7 94.,4
6-10 Cn=29 ) 82 .3 69,.3 95 .3 68 .8 82 .7 99,.8
10-16 Cn=19 ) 84.,6 68.,0 101. 3 67.,4 84..9 99. 2
M Cn=13 ) 85,.2 68,.2 102,.2 67,.4 84,.9 99,.2
F (n=6 ) 83.,4 66.,3 100. 4 74. 3 81.,8 96. 5
MCH (pg)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=118) 27.4 21.7 33.1 21.0 27.5 33.9
M (n=84 ) 27.6 21.7 33.4 21.4 27.5 33.9
F (n=34 ) 27.1 21.8 32.3 20.8 27.7 31.6
0-2 (n=13 ) 25.6 20.2 30.9 20.8 25.1 30.0
2-6 (n=57 ) 27.3 21.8 32.9 21.5 27.5 31.9
6-10 (n=29 ) 27.8 22.5 33.1 21.0 27.8 33.9
10-16 Cn=19 ) 28 . 3 22.2 34.5 21.4 28.2 34.3
M (n=13 ) 28.5 21.9 35.2 21.4 28.9 34.3
F Cn=6 ) 27.9 22.7 33.2 25.1 27.5 31.6
MCHC Cg/dl)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages Cn=118) 33.5 31.7 35.3 31.5 33.5 35.2
M (n=84 ) 33.5 31.7 35.2 31.8 33.5 34.9
F (n=34 ) 33.5 31.6 35.5 31.2 33.6 35.3
0-2 (n=13 ) 33.0 31.3 34.7 31.2 33.0 34.3
2-6 Cn=57 ) 33.4 31.7 35.2 31.5 33.5 35.0
6-10 (n=29 ) 33.9 31.9 35.8 32.1 33.9 35.9
10-16 (n=19 ) 33.4 32.1 34.8 31.8 33.4 34.6
M (n=13 ) 33.4 31.9 34.9 31.8 33.4 34.6
F Cn=6 ) 33.5 32.3 34.7 32.7 33.5 34.1
474
Continued- Cancer group.
RBC CX 1012/1)
Age group
Mean 
Mean -
+ 2SD 
2SD +2SD
Percent ile 
2.5 50 97.5
All ages (n=118) 4.21 3.05 5.38 3.07 4.25 5.43
M (n=84 ) 4.23 3.07 5.39 3.18 4.26 5.43
F (n=34 ) 4.17 2.98 5.35 2.99 4.21 5.16
0-2 (n=13 ) 4.20 3.08 5.31 3.38 3.99 5.06
2-6 (n=57 ) 4.19 3.08 5.30 3.10 4.22 5.16
6-10 (n=29 ) 4.21 2.92 5.50 2.40 4.31 5.43
10-16 Cn=19 ) 4.30 3.08 5.52 3.18 4.33 5.43
M (n=13 ) 4.34 3.09 5.58 3.18 4.47 5.43
F (n=6 ) 4.21 2.96 5.46 3.38 4.19 5.12
WBC CX 109/1)
Mean + 2SD Percent ile
Age group Mean -:2SD +2SD 2.5 50 97.5
All ages (n=118) 6.0 0.0 14.4 1.1 4.9 19.2
M (n=84 ) 5.7 0.0 12.6 1.1 5.0 13.6
F Cn=34 ) 6.8 0.0 17.8 1.3 4.8 19.9
0-2 (n=13 ) 9.4 0.0 20.6 2.4 8.7 19.3
2-6 (n=57 ) 6.0 0.0 13.9 1.2 5.0 17.1
6-10 (n=29 ) 4.9 0.0 12.7 0.5 4.6 19.2
10-16 (n=19 ) 5.5 0.0 11.4 2.0 4.6 13.8
M Cn=13 ) 5.4 0.5 10.3 2.0 4.8 10.3
F Cn=6 ) 5.7 0.0 13.9 2.6 4.3 13.8
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Continued.
(4) Renal group
Hb (g/dl)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2 .5 50 97..5
All ages (n=78 ) 11,.9 7,.7 16,.1 6..6 12..2 15..2
M (n=45 ) 11 .7 7 .0 16 .4 6 .8 12 .0 15 .2
F (n=33 ) 12,.1 8..8 15..5 6,,3 12.,7 15..0
0-2 (n=13 ) 11 .2 8,.2 14 .2 7,.6 11,.4 13 .0
2-6 (n=19 ) 12,,1 7.,9 16.,3 6.,6 12.,2 15.,2
6-10 (n=21 ) 11 .8 8,.7 15 .0 8,.0 12,.7 13,.8
10-16 (n=25 ) 12.,2 6..8 17. 6 6. 3 13. 1 16..8
M (n=13 ) 12 .2 5,,8 18,.5 6..8 13..8 16,.8
F ( n=12 ) 12.,2 7.,7 16..7 6. 3 13. 1 14. 3
HCT (ratio)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=78 ) 35.4 23.2 45.6 19.5 36.4 44.8
M (n=45 ) 34.7 21.1 48.2 20.0 35.9 44.8
F (n=33 ) 36.4 26.4 46.3 19.1 37.2 43.9
0-2 (n=13 ) 33.8 24.3 43.3 22.8 34.4 41.5
2-6 (n=19 ) 35.8 23.9 47.8 19.5 36.3 44.8
6-10 (n=21 ) 35.1 25.7 44.5 23.8 36.8 42.1
10-16 (n=25 ) 36.1 20.5 51.7 19.1 39.0 47.9
M (n=13 ) 35.7 17.6 53.8 20.0 39.2 47.9
F (n=12 ) 36.5 23.4 49.7 19.1 38.8 42.9
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Continued- Renal group.
MCV Cfl)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=78 ) 80.7 68.4 93.1 66.5 81.8 91.1
M (n=45 ) 80.1 67.4 92.8 67.5 80.5 91.1
F (n=33 ) 81.6 69.8 93.5 66.5 83.0 90.3
0-2 (n=13 ) 79.3 71.5 87.0 71.3 80.5 84.4
2-6 (n=19 ) 80.3 69.7 90.9 73.0 80.1 95.3
6-10 Cn=21 ) 80.1 66.3 93.9 67.5 82.7 91.1
10-16 Cn=25 ) 82.4 68.2 96.5 61.8 85.2 89.0
M (n=13 ) 82.3 67.3 97.2 61.8 84.9 88.4
F (n=12 ) 82.5 68.7 96.3 66.5 85.7 89.0
MCH Cpg)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=78 ) 27.2 22.5 31.9 22.1 27.4 30.8
M (n=45 ) 27.1 22.2 32.1 22.3 27.2 30.8
F (n=33 ) 27.3 22.9 31.7 22.1 27.6 30.2
0-2 (n=13 ) 26.4 23.7 29.2 23.9 27.0 28.1
2-6 Cn=19 ) 27.1 23.0 31.1 24.1 27.0 33.0
6-10 Cn=21 ) 27.1 22.0 32.2 22.3 27.3 30.7
10-16 (n=25 ) 27.8 22.3 33.4 19.9 28.5 30.8
M (n=13 ) 28.1 22.0 34.2 19.9 29.2 30.8
F Cn=12 ) 27.5 22.4 32.7 22.1 28.3 30.2
MCHC Cg/dl)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=78 ) 33.7 32.0 35.3 31.7 33.7 35.3
M (n=45 ) 33.8 32.1 35.5 32.1 33.8 35.3
F (n=33 ) 33.4 31.8 35.0 31.3 33.4 34.9
0-2 (n=13 ) 33.3 31.4 35.2 31.3 33.3 34.7
2-6 Cn=19 ) 33.7 32.4 34.9 32.8 33.7 34.6
6-10 Cn=21 > 33.8 32.3 35.3 32.5 33.7 35.3
10-16 Cn=25 ) 33.7 31.8 35.7 31.7 34.0 35.4
M (n=13 ) 34.1 31.8 36.3 31.7 34.2 35.4
F Cn=12 ) 33.4 32.1 34.7 32.3 33.4 34.3
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Continued- Renal group.
RBC CX 1012/1)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=78 ) 4.41 2.98 5.84 2.51 4.55 5.41
M Cn=45 ) 4.37 2.74 6.00 2.51 4.57 5.41
F Cn=33 ) 4.53 3.34 5.57 2.87 4 .49 5.37
0-2 Cn=13 ) 4.26 3.11 5.42 2.83 4.41 5.37
2-6 (n=19 ) 4.46 3.05 5.88 2.51 4.59 5.41
6-10 (n=21 ) 4.41 3.03 5.79 3.11 4.59 5.31
10-16 (n=25 ) 4.44 2.78 6.09 2.29 4.66 5.44
M (n=13 ) 4.47 2.42 6.53 2.29 4.87 5.44
F Cn=12 ) 4.40 3.24 5.55 2.87 4.53 5.02
WBC (X 109/1)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=78 ) 8.4 1.6 15.2 3.2 7.9 16.3
M (n=45 ) 8.5 1.1 15.8 3.2 7.9 16.3
F (n=33 ) 8.3 2.3 14.4 3.2 7.8 16.1
0-2 (n=13 ) 12.1 5.7 18.5 7.9 11.4 17.2
2-6 (n=19 ) 9.0 2.7 15.3 3.5 9.3 14.0
6-10 (n=21 ) 7.1 3.2 11.0 3.3 7.0 10.5
10-16 (n=25 ) 7.1 0.6 13.6 2.5 6.5 16.3
M Cn=13 ) 7.4 0.0 15.4 2.5 6.5 16.3
F Cn=12 ) 6.8 2.1 11.6 3.2 6.6 10.6
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Continued.
(5) Mild group
Hb Cg/dl)
Mean + 2SD Percent i1e
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=259) 12.6 10.5 14.8 10.4 12.6 14.6
M (n=136) 12.5 10.3 14.7 10.2 12.5 14.8
F (n=123) 12.8 10.8 14.9 10.8 12.9 14.6
0-2 (n=50 ) 11.6 9.8 13.4 10.1 11.6 13.1
2-6 Cn=92 ) 12.5 10.9 14.1 10.9 12.5 14.0
6-10 Cn=66 ) 13.2 11.3 15.2 11.4 13.4 15.2
10-16 Cn=51 ) 13.2 11.1 15.2 10.9 13.2 15.2
M (n=23 ) 13.1 11.1 15.2 10.9 13.3 15.3
F (n=28 ) 13.2 11.1 15.3 10.8 13.2 14.8
HCT (rat io)
Age group
Mean + 2SD 
Mean -2SD +2SD
Percentile 
2.5 50 97.5
All ages (n=259) 37.4 31.3 43.5 31.1 37.5 43.6
M (n=136) 37.0 30.8 43.2 30.8 37.3 43.6
F (n=123) 37.8 31.9 43.7 32.4 37.8 43.3
0-2 (n=50 ) 34.7 29.5 39.9 30.4 34.8 39.8
2-6 (n=92 ) 36.9 32.2 41.6 31.9 37.0 41.1
6-10 (n=66 ) 38.9 33.2 44.7 32.7 39.3 43.9
10-16 Cn=51 ) 39.0 33.6 44.4 32.6 39.1 44.3
M (n=23 ) 39.0 34.1 43.9 33.8 39.0 44.3
F Cn=28 ) 39.0 33.1 44.9 32.4 39.3 44.5
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Continued- Mild group.
MCV Cfl)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=259) 80.2 69.8 90.6 67.5 80.8 89.1
M (n=136) 79.0 67.7 90.4 67.3 80.2 88.3
F (n=123) 81.5 72.9 90.1 73.3 81.8 90.1
0-2 Cn=50 ) 76.0 66.1 85.8 66.4 77.5 82.3
2-6 Cn=92 ) 79.8 71.2 88.5 70.2 80.6 87.2
6-10 (n=66 ) 81.5 71.7 91.2 67.3 81.5 89.5
10-16 Cn=51 ) 83.5 74.5 92.2 71.1 83.8 90.7
M (n=23 ) 82.5 73.4 91.6 69.6 83.1 89.1
F Cn=28 ) 84.3 75.5 93.1 71.1 84.7 92.6
MCH (pg)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=259) 27.1 23.1 31.2 22.1 27.5 30.3
M (n=136) 26.7 22.3 31.1 21.7 27.1 30.3
F (n=123) 27.6 24.3 31.0 24.2 27.8 30.2
0-2 (n=50 ) 25.5 21.6 29.4 21.7 26.2 27.8
2-6 (n=92 ) 27.0 23.6 30.5 23.0 27.5 29.8
6-10 (n=66 ) 27.7 24.1 31.4 21.6 28.1 30.4
10-16 Cn=51 ) 28.2 24.6 31.9 22.7 28.3 31.0
M Cn=23 ) 27.8 24.0 31.6 22.5 28.0 30.3
F (n=28 ) 28.6 25.2 32.0 22.7 28.8 31.1
MCHC (g/dl)
, Mean + 2SD Percent ile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=259) 33.8 32.4 35.6 31.9 33.8 35.5
M (n=136) 33.7 32.0 35.5 31.9 33.8 35.3
F (n=123) 33.9 32.0 35.7 31.9 33.9 35.5
0-2 (n=50 ) 33.5 31.6 35.3 31.4 33.6 35.1
2-6 Cn=92 ) 33.9 32.1 35.6 32.1 33.8 35.5
6-10 (n=66 ) 34.0 32.3 35.7 32.0 34.0 35.6
10-16 (n=51 ) 33.7 32.0 35.5 31.9 33.8 35.1
M (n=23 ) 33.6 31.8 35.5 31.7 33.5 35.1
F (n=28 ) 33.8 32.1 35.5 31.9 33.9 36.2
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Continued- Mild group.
RBC CX 1012/1)
Mean + 2SD Percent ile
Age group Mean -2SD +2SD 2.5 50 97.5
A11 ages (n=259) 4.67 3.95 5.38 3.88 4.66 5.45
M (n=136) 4.69 3.97 5.40 4.03 4.67 5.48
F (n=123) 4.64 3.92 5.36 3.84 4.64 5.30
0-2 (n=50 ) 4.57 3.98 5.15 3.98 4.78 5.02
2-6 Cn=92 ) 4.63 3.95 5.31 4.13 4.61 5.48
6-10 Cn=66 ) 4.79 3.99 5.58 4.03 4.78 5.47
10-16 (n=51 ) 4.67 3.94 5.41 3.80 4.69 5.24
M Cn=23 ) 4.73 4.23 5.23 4.20 4.69 5.24
F (n=28 ) 4.63 3.75 5.50 3.78 4.68 5.50
WBC CX 109/1)
Mean + 2SD Percent ile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=259) 8.6 2.8 14.3 4.4 8.0 15.8
M Cn=136) 8.6 2.5 14.8 4.2 8.1 16.6
F Cn=123) 8.5 3.2 13.7 4.9 7.7 15.6
0-2 (n=50 ) 10.1 4.6 15.6 5.3 10.0 15.8
2-6 Cn=92 ) 8.8 2.6 14.9 4.9 8.3 14.1
6-10 (n=66 ) 8.3 3.3 13.3 5.1 7.6 16.6
10-16 (n=51 ) 7.1 2.5 11.7 3.9 6.6 14.1
M (n=23 ) 6.9 2.2 11.5 3.9 6.6 14.1
F (n=28 ) 7.3 2.7 11.9 3.8 6.7 15.6
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Continued.
(6) Various group
Hb Cg/dl)
Age group
Mean 
Mean -
+ 2SD 
2SD +2SD
Percent ile 
2.5 50 97.5
All ages (n=106) 11.4 8.1 14.7 7.9 11.5 14.8
M (n=64 ) 11.4 7.7 15.0 7.5 11.5 15.0
F (n=42 ) 11.5 8.7 14.3 9.0 11.7 13.7
0-2 (n=32 ) 10.8 7.7 13.9 7.5 10.9 15.1
2-6 (n=38 ) 11.4 8.6 14.2 7.4 11.5 14.0
6-10 Cn=18 ) 12.0 7.8 16.3 7.9 12.7 15.0
10-16 Cn=18 ) 11.8 8.6 15.0 8.9 12.2 14.1
M Cn=10 ) 11.7 8.5 14.9 8.9 12.0 14.1
F (n=8 ) 12.0 8.7 15.4 9.0 12.7 13.7
HCT (rat io)
Age group
Mean + 2SD 
Mean -2SD +2SD
Percentile 
2.5 50 97.5
All ages (n=106) 34.2 24.7 43.8 24.0 35.0 43.0
M (n=64 ) 34.1 23.7 44.5 22.8 34.9 44.3
F (n=42 ) 34.4 26.3 42.5 26.1 35.0 40.0
0-2 (n=32 ) 32.7 23.5 41.9 22.8 33.0 44.3
2-6 (n=38 ) 34.2 26.1 42.4 21.8 35.2 41.6
6-10 (n=18 ) 35.7 25.5 47.8 24.0 37.1 44.6
10-16 Cn=18 ) 35.6 26.7 44.5 27.4 36.3 42.9
M (n=10 ) 35.1 25.6 44.6 27.4 35.9 42.9
F Cn=8 ) 36.2 27.7 44.7 28.3 37.8 40.0
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Continued- Various group.
MCV (fl)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=106) 76.3 58.0 94.6 57.8 77.8 94.0
M (n=64 ) 76.6 59.0 94.1 54.3 78.0 93.9
F (n=42 ) 75.8 56.2 95.4 59.0 75.9 94.0
0-2 (n=32 ) 73.8 55.0 92.7 52.8 74.8 97.5
2-6 (n=38 ) 74.5 54.6 94.5 54.3 75.7 93.9
6-10 (n=18 ) 80.5 73.6 87.5 73.8 80.4 85.6
10-16 (n=18 ) 80.1 62.9 97.3 65.8 80.1 101.0
M (n=10 ) 80.3 63.3 97.3 67.9 80.1 101.0
F (n=8 ) 79.8 61.3 98.3 65.8 81.7 91.0
MCH (Pg)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=106) 25.4 18.6 32.3 18.4 26.0 32.3
M (n=64 ) 25.5 19.0 32.1 17.1 26.2 31.6
F (n=42 ) 25.3 18.0 32.6 18.5 25.4 32.3
0-2 (n=32 ) 24.5 17.5 31.4 17.1 24.8 32.6
2-6 (n=38 ) 24.8 17.4 32.3 16.9 25.4 31.6
6-10 (n=18 ) 27.2 17.4 30.0 24.6 27.5 29.1
10-16 (n=18 ) 26.7 20.3 33.1 21.2 26.6 33.9
M (n=10 ) 26.8 20.8 32.8 22.2 26.6 33.9
F (n=8 ) 26.5 19.3 33.7 21.2 27.5 30.6
MCHC (g/dl)
Mean + 2SD Percentile
Age group Mean -2SD +2SD 2.5 50 97.5
All ages (n=106) 33.3 31.5 35.1 31.2 33.4 34.6
M (n=64 ) 33.3 31.4 35.2 31.0 33.4 34.5
F (n=42 ) 33.2 31.6 34.9 31.8 33.4 34.6
0-2 (n=32 ) 33.1 31.1 35.0 30.9 33.2 34.4
2-6 (n=38 ) 33.2 31.2 35.2 31.0 33.3 35.1
6-10 (n=18 ) 33.7 32.5 34.9 32.8 33.8 34.6
10-16 (n=18 ) 33.2 31.9 34.5 31.8 33.4 34.3
M (n=10 ) 33.3 32.2 34.4 32.5 33.4 34.3
F (n=8 ) 33.1 31.6 34.7 31.8 33.6 33.8
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Continued- Various group.
RBC CX 1012/1)
Age group
Mean 
Mean -
+ 2SD 
2SD +2SD
Percent ile 
2.5 50 97..5
All ages (n=106) 4..54 3. 06 6.02 2.82 4 .63 5..70
M Cn=64 ) 4 ,.50 2. 96 6.04 2.73 4 .55 5 .64
F (n=42 ) 4.,60 3. 20 6.00 3.15 4 .69 5..70
0-2 (n=32 ) 4,.49 2. 88 6.09 2.82 4 .67 5 .99
2-6 (n=38 ) 4.,66 3. 25 6.06 2.33 4 .52 5.,99
6-10 (n=18 ) 4,.43 2. 86 6.00 2.84 4 .71 5 .47
10-16 Cn=18 ) 4..49 3. 11 5.86 2.73 4 .53 5,.64
M Cn=10 ) 4,.44 2. 66 6.22 2.73 4 .49 5 .64
F (n=8 ) 4.,55 3. 82 5.27 3.97 4 .62 4.,98
WBC CX 109/1)
Mean + 2SD Percent ile
Age group Mean 2SD +2SD 2.5 50 97..5
All ages Cn=106) 9.,3 0. 78 17.8 2.8 8 .3 19,,8
M Cn=64 ) 9 .3 0. 70 17.8 2.3 8 .3 19 .8
F Cn=42 ) 9.,3 0. 80 17.8 3.4 8 .5 19.,0
0-2 (n=32 ) 10 .9 2. 0 19.9 3.6 9 .6 21 .1
2-6 (n=38 ) 9..4 2. 1 16.8 2.8 8 .6 19.,8
6-10 Cn=18 ) 7,.9 1. 2 14.6 2.3 7 .6 14 .3
10-16 C n=18 ) 7.,3 0. 0 16.8 1.7 6 .3 20.,5
M (n=10 ) 5,.4 0. 3 10.5 1.7 5 .1 11,.2
F (n=8 ) 9.,6 0. 0 21.5 3.4 8 .2 20. 5
